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Summary
Chemical risk assessment aims at estimating the probability and extent of potentially ad­
verse effects of chemical emissions on plants, animals and humans. One step of this risk as­
sessment is the derivation of environmental exposure concentrations. Generally, this informa­
tion can be gathered by measurement and/or estimation, e.g. by using models. The concentra­
tion of a substance in an environmental medium is often not known, but can be estimated with 
multi-media fate or mass balance models. To estimate internal concentrations in organisms 
from concentrations in the environment, bioaccumulation models can be used.
Multi-media fate and bioaccumulation models have proven useful for estimating concen­
trations within an order of magnitude from measurements. Additionally, they can be used to 
explore the behaviour of substances in a systematic way. An increasing number of substances 
emitted by human activities and new insights in science call for continuous development of 
these models. Whereas including more details in models can lead to more realistic estima­
tions, it also increases complexity, need for input data and possible sources of uncertainty. 
Uncertainty in model results originates from several sources such as model assumptions, dis­
regard of variability or lack of knowledge of the exact value of (input) parameter. It is impor­
tant to know, which source of uncertainty contributes most to overall model uncertainty. Oth­
erwise, improvements might have little effect on results, because they are overshadowed by 
uncertainty from other sources.
The aim of this PhD thesis is to quantify various sources of uncertainty in fate and bioac­
cumulation models for organic pollutants. More specifically, the following uncertainties in 
estimated concentrations are investigated:
• uncertainty due to lack of spatial variability in emissions;
• uncertainty due to lack of temporal variability in emissions;
• uncertainty due to lack of spatial variability in environmental characteristics;
• uncertainty due to parameter uncertainty;
• uncertainty due to differences between models;
• uncertainty due to neglect of sorption to black carbon.
Chapter 1 describes multi-media fate and bioaccumulation models in more detail and also 
elaborates on different types of uncertainty.
Chapter 2 evaluates the contributions to uncertainty in Benzo[a]pyrene (BaP) concentra­
tions of (i) uncertainty in substance properties, (ii) lack of spatial variability, (iii) inter-model 
differences and (iv) neglecting sorption to black carbon. Concentrations in European air, soil 
pore water and fresh water are predicted with the multi-media fate model SimpleBox. Uncer­
tainty in substance properties is quantified using probabilistic modelling. The influence of 
spatial variability is quantified by estimating variation in predicted concentrations with three 
spatially explicit fate models (Impact 2002, EVn BETR and BETR Global). Intermodel dif­
ferences are quantified by comparing concentration estimates of SimpleBox, Impact 2002, 
EVn BETR and the European part of BETR Global. Finally, predictions of a BC-inclusive 
version of SimpleBox are compared with predictions of a BC-exclusive version. For air con-
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centrations of BaP, the lack of spatial variability in emissions is concluded to be most influen­
tial. For freshwater concentrations of BaP, intermodel differences and lack of spatial variabil­
ity in dimensions of fresh water bodies are the dominant sources of uncertainty. For soil, all 
sources of uncertainty are of comparable magnitude, only spatial variability in the environ­
ment is less important.
Chapter 3 assesses the relative importance of the factors that determine the variability in 
environmental chemical concentrations of persistent organic pollutants in air, soil and fresh 
water in two complementary ways. First, the influence of (i) spatially variable emission pat­
terns and (ii) spatial differences in European environmental conditions is systematically quan­
tified for seven Persistent Organic Pollutants, including BaP, emitted to air. A nested multi­
media fate model that is re-parameterised consecutively for the different regions in Europe is 
used for this purpose. Secondly, information on factors influencing variability in environ­
mental concentrations of chemicals is derived from reviewing literature. By combining the 
review findings with the outcomes of the modelling exercise, it is concluded that spatial vari­
ability in emissions is generally the dominant source of spatial variability in environmental 
concentrations estimated with multi-media fate models. Spatial variability in environmental 
conditions can become a significant source of concentration variability but only if emissions 
are distributed homogeneously in space or the receptor compartments of interest are soil 
and/or water.
Chapter 4 evaluates various modelling options for estimating concentrations of PCB-153 in 
the environment and in biota across Europe, using the same nested multi-media fate model­
ling approach as in Chapter 3 but now coupled with a bioaccumulation model. The most de­
tailed model set up estimates concentrations in air, soil, fresh water sediment and fresh water 
biota with spatially explicit environmental characteristics and spatially explicit emissions to 
air and water in the period 1930-2005. In the less detailed modelling setup, a homogenous 
environment is assumed and uniformly distributed emissions to air only are used to calculate 
steady-state concentrations. Each detail (temporal resolution of emissions, spatial resolution 
of emissions, spatially differentiated environment, emissions to water) is excluded one at a 
time. The results of each modelling option are compared to measurements. Model perform­
ance is evaluated with the root mean square error (RMSElog), based on the difference between 
estimated and measured concentrations. The RMSElog is 3.6 for air, 5.5-6.2 for sediment and 
biota, and 8.9 for soil in the most detailed model scenario. Generally, model estimations tend 
to underestimate observed values for all compartments, except air. Applying a generic model 
setup with averaged emissions and averaged environmental characteristics, the RMSElog in­
creases to 10 for air and 42-47 for sediment. For soil the RMSElog decreases surprisingly to 
3.5. It is found in Chapter 4 that including spatial variability in emissions is most relevant for 
all compartments, except soil, while including spatial variability in environmental characteris­
tics is less influential. For improving predictions of concentrations in sediment and aquatic 
biota, including emissions to water is found to be relevant as well.
In Chapter 5, eight previously published bioaccumulation datasets are reinterpreted in 
terms of additional BC sorption. Uncertainty due to the additional sorption term is quantified 
using Monte Carlo simulations. Uncertainty due to a lack of knowledge of the exact values of 
the sorption parameters is taken into account as well as variability in black carbon contents
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and substance concentrations in solids. When BC-sorption is included, estimated Biota-Solids 
Accumulation Factors (BSAFs) of polycyclic aromatic hydrocarbons (PAHs) typically de­
crease by one to two orders of magnitude and are better in line with field data from marine, 
fresh water and terrestrial ecosystems. Probabilistic BC-inclusive modelling shows that if BC 
content is not accurately known, uncertainty in BSAFs is two to three orders of magnitude (90 
percentile confidence interval) due to uncertainty in the BC sorption term. When BC contents 
are measured, the deviation between model estimations and field measurements reduces to 
about a factor of 3. This implies that including routine measurements of BC contents is crucial 
in improving risk estimates of PAHs.
Chapter 6 quantifies parameter uncertainty in bioaccumulation factors for fish via Monte 
Carlo simulations. For this purpose, the bioaccumulation model OMEGA is parameterised 
based on literature research, allometric relations and maximum likelihood estimation. Lipid 
contents, fractions of food intake assimilated, the allometric scaling exponent, normalized 
food intake, respiration and growth dilution rates, and partial mass transfer resistances in wa­
ter and lipid layers are included as uncertain parameters. The uncertainty in partial resistances 
is particular important for estimation of chemical intake rate constants via water by fish. Un­
certainty in fractions of food assimilated and partial water layer resistances from and to food 
are particular important for estimation of chemical intake rate constants via food. The uncer­
tainty in the model outcomes for bioaccumulation factors for fish is a factor of 10 (ratio of 
95th and 5th percentile estimations), mainly caused by the uncertainty in the lipid fraction. For 
chemicals with a Kow of 103 to 106, uncertainty in the lipid contents of fish accounts for more 
than 50% of the uncertainty in estimated BAF. For chemicals with a higher Kow (10 and 
higher), fractions of food assimilated and partial resistances also became influential (up to 
60%).
Chapter 7 synthesises the major findings of the previous chapters. The first prerequisite for 
accurate concentration predictions by means of multi-media fate modelling is the availability 
of spatially explicit emission data, including all relevant emission compartments. Lack of spa­
tial variability in emissions was important for all investigated compartments and dominated 
uncertainty in air, sediment and fresh water organisms. For improving estimations in fresh 
water, a careful consideration of which model to use is the first step. Intermodel difference 
was found to dominate uncertainty in fresh water, but inclusion of realistic water body charac­
teristics was important as well. For soil, it is concluded that at the current state of knowledge 
a simple model is as suitable for order-of-magnitude concentration estimations as more differ­
entiated approaches and that more research is needed to indentify best model improvement 
options. Additionally, results for soil showed that identification of most rewarding improve­
ment options would profit from validating uncertainty assessments by comparison with field 
data. Uncertainty in internal concentrations was found to be dominated by uncertainty in envi­
ronmental concentrations. Uncertainty in estimating bioavailable concentrations of soot- 
binding substances can be reduced by including location-specific BC contents.
IX
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General Introduction

Chapter 1
1.1 Risk assessment
Emission of chemical substances can lead to exposure of plants, animals and humans, pos­
sibly causing adverse health effects. Chemical risk assessment aims at estimating the prob­
ability and extent of these potential adverse effects. Risk assessment involves hazard identifi­
cation, exposure assessment, effect assessments and risk characterization (Figure 1.1, Van 
Leeuwen and Vermeire, 2007). Hazard identification identifies the adverse effects a substance 
is able to cause (the toxicity of the substance). In exposure assessment, the concentration of a 
substance in an environmental medium, such as soil, air or water is estimated. The level of 
exposure is related to the effects in the dose-response assessment, also called effect assess­
ment. Dose-response models can be used to estimate the dose or concentration at which the 
effects, identified in the hazard identification, actually occur. Dose-response models can be 
used to derive the dose or concentration at which effects are accepted by society, for instance 
the concentration at which 5% of the species are affected. Integration of exposure and effect 
data in a particular situation leads to risk characterization. In risk characterisation, the expo­
sure concentration in a particular situation (measured or estimated) is compared to an accept­
able hazardous concentration identified in the dose-response assessment. This comparison can 
be expressed as the risk quotient; the exposure concentration divided by the acceptable haz­
ardous concentration. Additionally, risk characterisation tries to estimate the likelihood of ac­
tual occurrence of a hazardous effect and thus a high risk quotient. For risk assessment, there­
fore, knowledge is useful on environmental concentrations and on dose-effect relations. Gen­
erally, this information can be gathered by measurement and/or estimation, e.g. by using 
models.
Figure 1.1. The steps in a risk assessment process: hazard identification, fate and expo­
sure assessment, effect assessment and risk characterisation.
The concentration of a substance in an environmental medium is often not known, but can 
be estimated. If multiple or complex processes are involved, models can be helpful tools for 
estimating these concentrations. Concentrations of substances in environmental media may
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influence each other and exposure may occur via different media. Therefore, multi-media fate 
or mass balance models can be used for exposure assessment.
Once a substance is in the environment, it can be taken up by organisms. Substances within 
an organism can be measured as internal concentrations. It has been suggested that internal 
concentrations provide a better indication of risk than environmental concentrations, for ex­
ample by comparison to critical body burdens (McCarty and Mackay, 1993; MacLeod et al.,
2004). Organisms can bioaccumulate substances, leading to concentrations within these or­
ganisms that are higher than the concentrations in the immediate environment, including food. 
Internal concentrations in organisms are often not known. With knowledge on substance 
properties and uptake routes of organisms, they can be estimated from concentrations in the 
environment. For this purpose, bioaccumulation models can be used.
This thesis deals with the fate and bioaccumulation of organic substances; one category of 
substances that can cause harmful effects. This introduction chapter provides the theoretical 
background and context of the studies that were performed. The chapter provides general 
background information on multi-media fate modelling (Section 1.2), bioaccumulation mod­
elling (Section 1.3) and uncertainty and variability (Section 1.4). The aim of this thesis is pre­
sented in Section 1.5. The chapter concludes with the thesis outline in Section 1.6.
1.2 Multi-media fate modelling
Multi-media fate models describe the environmental ‘fate’ of chemicals from their emis­
sion into the environment to their elimination from the environment or modelled system. They 
calculate the distribution of substances between environmental media e.g. air, water, soil and 
sediment, hence the name ‘multi-media’. Early multi-media fate models were described by 
Mackay and Paterson (1981) and Mackay et al. (1992a). Other well-known examples of 
multi-media fate models include SimpleBox (Den Hollander et al., 2004), Globo-POP (Wania 
and Mackay, 1999), CalTOX (McKone, 1993b), TRIMFaTE (US-EPA, 2002) and EUSES 
(Vermeire et al., 1997; 2005). The latter ones are used in US and EU risk assessment proce­
dures. More complex multicompartment fate models such as MSCE-POP (Gusev et al., 2005), 
MCTM (Lammel, 2004) and LOTOS-EUROS (Schaap et al., 2005), describe chemical trans­
port in greater detail. In these models the environment is represented as a set of homogenous 
boxes. Therefore, they are also called "box models". Each box, or compartment, can represent 
the whole volume of an environmental medium in the model domain or a subsection, e.g. a 
river section, city or atmospheric layer. Exchange between these compartments is modelled to 
occur by diffusion across boundaries between media driven by concentration differences or by 
advection e.g. with flows of water and air between different regions. Generally, the concentra­
tion in compartment i, Ci [mol/m ], is calculated as the balance between the mass flows of 
chemicals into and out of that compartment:
^  =  Ei +  I k i n , j , r C j - I k o u U r Ci (1.1)
where E is the emission into compartment i [mol/s], kin,j;i is the rate constant for inflow of
3 3a chemical from source j into compartment i [m /s], Cj the concentration in source j [mol/m ],
3
kout,i,l the outflow from compartment i to sink l [m /s]. Inflows include import (with air- and 
water flows), and advective and diffusive inflows from other compartments. Outflows are ex-
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port (with air and water) out of the system, degradation and advective and diffusive outflows 
to other compartments.
Mass flows of chemicals are modelled as the product of a rate constant or transport coeffi-
3
cient in volume per time, e.g. m /s, and the concentration in the compartment the flow origi­
nates from. An illustration of a simple multi-media fate model is given in Figure 1.2. The 
state where the inflows balance the outflows and no changes in the concentrations occur any 
more is called a steady-state situation (Equation 1.2).
Ci =  E' t I, k '" ',' Cl (1.2)
1  Kout,i,l
Within compartments or media, different phases can be distinguished. Soil, for example, 
does not consist of solid particles only, but has pores containing air or water. Likewise in a 
water body chemicals can be dissolved in the water phase or can be bound to suspended parti­
cles in that water. Distinction between these phases is necessary because intermedia exchange 
is often limited to certain phases. For example, often only the fraction of a chemical that is not 
bound strongly to particles in soil or water can diffuse to air. Distribution between the differ­
ent phases can be described by partition coefficients that relate the concentration in one phase 
to the concentration in another. For the distribution between solids (sediment, soil or sus­
pended particles) and water, for example, the partition coefficient can be expressed as the ra­
tio of the concentrations in solids Cs and in water Cw (Equation 1.3). As organic pollutants 
tend to bind to the organic carbon fraction in solids, the organic carbon partition coefficient 
(K o c )  and the organic carbon fraction in solids foe can be used to calculate the distribution 
between water and solids (Equation 1.3).
K s w  =  C ^  =  f o e  • Koc (1.3)
Cw
For the distribution between air and water the partition coefficient Kaw is modelled as the 
ratio of the concentrations in air and in water (Equation 4).
=  Ç, =  v a p / s o l  (1
a w  Cw  R-T V '
3
Where Vap is vapour pressure [Pa] and Sol the solubility in water [mol/m ] of the sub­
stance, R is the universal gas constant of 8.314 [Pa-m^K^-mol"1] and T is the temperature [K]. 
Partition coefficients can be derived from measurements or can be estimated based on sub­
stance structure or properties.
How chemicals behave in the environment largely depends on their properties such as KOC, 
vapour pressure, solubility in water and rate of degradation in environmental media (Hol­
lander et al., 2008). Next to the substance properties, characteristics of the environment are 
expected to be relevant for determining the behaviour of substances. For example, the fraction 
of organic carbon influences the estimated dissolved chemical fraction, whereas temperature 
has influence on estimated volatilisation from water or soil to air.
15
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Figure 1.2. A simple illustration of a box model.
1.3 Bioaccumulation modelling
Bioaccumulation models describe the intake of chemical substances from the surrounding 
environment by organisms. Concentrations in organisms are therein determined by the ratio 
between intake and elimination of these substances: if the elimination rate of a substance from 
an organism is lower than the uptake rate, the substance accumulates in an organism. Internal 
concentrations may increase from prey to predators with highest levels in top-predators. Early 
bioaccumulation models often focused on aquatic food chains, particularly for fish (Gobas 
and Mackay, 1987; Gobas et al., 1988; Thomann, 1989). Later, a wider range of organisms 
and exposure media was added (Hendriks et al., 2001; Czub and McLachlan, 2004a). Exten­
sions to include food webs rather than linear food chains have been described by e.g. 
Campfens and Mackay (1997) and Traas et al. (2004).
In bioaccumulation modelling, an organism is represented as one or more homogenous 
compartment(s) with internal concentrations Ci which are the result of in- and outflows of 
chemicals into the organism, equivalent to Equation 1.1, without a direct emission rate (E):
^ S k i n j j - C j - E k o u t i j - C i  (1.5)
Chemicals can be taken up from air, water, soil, sediment and food (compartment j) 
(Thomann et al., 1992; Gobas et al., 1993). Elimination can occur via multiple routes, e.g. by 
exhalation, by efflux via water, urine and faeces, via lactation, by dilution via moult, repro­
duction or growth. In models often only efflux via water, faeces, increased biomass and some­
times metabolic transformation are taken into account. A simple representation of the routes 
of in- and outflow of a substance through an organism are shown in Figure 1.3. The position 
of an organism in a food chain is described by its trophic level. Food chains range from pri­
mary producers like plants via herbivores to top predators like eagles or lions.
The internal concentration in organisms from long-term field exposure can often be ap­
proximated by a steady-state situation (Pruell et al., 1986; Hendriks, 1995b; Reinhold et al., 
1999; Lu et al., 2006b) and calculated equivalent to Equation 1.2:
16
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Ci =
S  ^in,j,i‘Cj (1.6)
S  ^out,i,l
For modelling uptake from water, soil or sediment, it is assumed that only the fraction of a 
chemical dissolved in water is available for the organism. This is called the bioavailable frac­
tion. The concentration dissolved in water can be derived from the concentration in the solids 
(see Equation 1.3). Within an organism, different parts can be distinguished such as water, 
membranes, blood and organs. It is assumed that organic substances bind preferably to lipid 
tissues. Affinity to lipids is commonly modelled using the octanol-water partition coefficient 
Kow. Organisms with high lipid content are more prone to accumulate organic compounds, 
generally leading to more accumulation in organisms of higher trophic levels that have a rela­
tively higher lipid content. Additionally, with increasing affinity for the lipid fraction of an 
organism, modelled elimination rates of chemicals tend to decrease, leading to a higher bioac­
cumulation potential. The ratio between the concentration in the organism and the concentra­
tion in the abiotic compartment is often used to express bioaccumulation.
Figure 1.3. Flows through an organism as compartment.
1.4 Uncertainty
Deriving environmental or internal concentrations from model calculations may lead to 
over- or underestimation of actual concentrations at a particular location and at a particular 
moment. This over- or underestimation can have several reasons such as model assumptions, 
disregard of variability or uncertainty in parameters. True uncertainty is related to incom­
pleteness of knowledge. With perfect knowledge and measuring techniques, true uncertainty 
could be eliminated, whereas variability stays a feature of the physical environment (Morgan 
and Henrion, 1990).
Variability can be defined as true temporal, spatial or other, such as interindividual, differ­
ences in the environment. If the aim of a modelling exercise is the estimation of concentra­
tions at particular locations, using a spatially averaged modelling approach with uniform con­
centration estimates, can lead to an over- or underestimation of the concentration. Averaging 
out, for example, variation in emission intensities in time or differences between location- 
specific organic carbon contents in soil can lead to discrepancies between estimated and ob­
17
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served concentrations. By including these properties that influence variability in predicted 
concentrations, model estimations can be improved. Neglect of true variability in models can 
therefore be seen as an uncertainty. To include spatial differences in the environment, spa­
tially resolved multi-media fate models have been developed (MacLeod et al., 2001; Margni 
et al., 2004; Prevedouros et al., 2004a; Prevedouros et al., 2004c; Suzuki et al., 2004; Toose et 
al., 2004; Pennington et al., 2005). These models divide the model area, such as Europe or the 
world in regions with varying location-specific environmental properties.
Incomplete knowledge can relate to problem setting (scenario uncertainty), model equa­
tions and structure (model uncertainty) or the true value of an parameter, including input val­
ues (parameter uncertainty). Scenario uncertainty is due to uncertainties in defining the prob­
lem of interest (Cullen and Frey, 1999). These uncertainties can be dealt with by scenario 
analysis, for example by defining scenarios for unknown societal or political developments.
Model uncertainty is due to the fact that models are simplified representations of the real 
world. Choices and assumptions, either explicit or implicit, in building these representations 
involve uncertainty in model structure, equations, detail and resolution (Cowan et al., 1995; 
Ragas et al., 1999; 2009). Examples include inclusion or exclusion of a certain process or the 
choice of the level of spatial detail. For example, rain can be assumed to fall continuously or 
can be modelled in distinct events (Hertwich et al., 2000; Jolliet and Hauschild, 2005), spatial 
variation can be included for regions of one (e.g. Pistocchi, 2008b) to several thousand square 
kilometres (e.g. MacLeod et al., 2005).
Examples of parameter uncertainty in multi-media fate models are incompleteness of 
knowledge in the exact value for substance properties, such as the organic carbon partition 
coefficient KOC, the degradation rate kout,i or on emissions Ei. An example of parameter uncer­
tainty in bioaccumulation models is the lack of knowledge on species properties like the lipid 
fraction.
Different methods can be used to quantitatively estimate uncertainty such as empirical 
evaluation, model comparison, and uncertainty propagation. Uncertainty can be quantified by 
comparing model predictions with measurements in an empirical evaluation, as shown by 
Armitage et al. (2007). Thereby it is assumed that measurements are a good indication for ac­
tual concentrations, i.e. measurement error is small compared to model uncertainty. Empirical 
model evaluation measures uncertainty related to all sources (model choices and parameter 
uncertainty). It does not indicate which source’s contribution is dominant for the uncertainty 
in the model estimate.
Where empirical evaluation is not feasible, e.g. due to a lack of empirical data, model un­
certainty is often evaluated by comparing results of various models, e.g. of a larger spatial de­
tail or more detailed process descriptions (e.g. Klepper and den Hollander, 1999; Fenner et al., 
2005; Hollander et al., 2007). For example, results of single-media atmospheric or water 
transport models can be compared to multi-media box models. Model intercomparisons, how­
ever, do not always reveal the true extent of model uncertainty, particularly if the models are 
based on similar assumptions or if these models do not include all relevant physical and 
chemical processes (Morgan and Henrion, 1990; Ragas et al., 1999). For example, dissolved 
and internal concentrations of polycyclic aromatic hydrocarbons have been reported to be 
overestimated by standard solids-water partitioning based on sorption to organic carbon only
18
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(Maruya et al., 1997). This has been explained by an additional phase in solids that had been 
generally neglected in fate models: sorption of polycyclic aromatic hydrocarbons to black 
carbon (i.e. soot and chars), kerogen and coal that is stronger than sorption to organic carbon 
only. If the knowledge on alternative formulations is available, differences between models 
can be analyzed by stepwise adapting models to include the same processes, dimensions and 
parameters (Cowan et al., 1995; Hertwich et al., 2000; Huijbregts et al., 2005).
Probabilistic simulations, e.g. Monte Carlo simulations, are often used to propagate uncer­
tainty in input parameters to model outcomes (e.g. Hertwich et al., 1999; Huijbregts et al., 
2000; Ragas et al., 2009). To perform a Monte Carlo simulation data have to be gathered to 
characterise probability distributions of the input parameters. From these distributions, values 
are randomly drawn in repeated model runs. The output of a Monte Carlo simulation is a 
probability distribution instead of a single point estimate. Apart from information on uncer­
tainty in model outcomes due to parameter uncertainty, the influence of different parameters 
uncertainties can be addressed.
1.5 Aim of this thesis
Multi-media fate and bioaccumulation models have been shown to be able to yield esti­
mates of concentrations within an order of magnitude from measurements (e.g. Pederson et 
al., 2001; Veltman et al., 2005). Additionally, they are considered useful as they can be used 
to explore the behaviour of substances in a systematic way. The increasing number of sub­
stances emitted by human activities and new insights in science call for continuous develop­
ment of these models. For instance, improvements are still needed regarding the inclusion of 
the appropriate level of spatial detail and the inclusion of sorption of polycyclic aromatic hy­
drocarbons to black carbon. Whereas including more details in models can lead to more real­
istic estimations, it also increases complexity, need of input data and possible sources of un­
certainty. Therefore it is important to know, which source of uncertainty contributes most to 
overall model uncertainty. Otherwise, improvements might have little effect on results, be­
cause they are overshadowed by errors from other sources. These sources also include lack of 
actual variability, e.g. variability in space. If the aim of a modelling exercise is the estimation 
of concentrations at particular locations, using a spatially averaged modelling approach with 
uniform emission estimates can lead to over- of underestimation of the concentration at spe­
cific locations. Therefore, neglect of variability is considered a source of uncertainty in this 
thesis. How uncertainty in substance properties, differences between models, neglect of spa­
tial variability in landscape characteristics and in emissions or neglect of sorption to black 
carbon relate to each other has not yet been investigated systematically.
The aim of this PhD thesis is to quantify various sources of uncertainty in fate and bioac­
cumulation modelling. Several organic pollutants are chosen as model substances, for reasons 
of input- and validation data availability. More specifically, uncertainties caused by excluding 
spatial and temporal variability in emissions and environmental characteristics, parameter and 
intermodel uncertainty and uncertainty due to neglect of sorption to black carbon are investi­
gated.
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1.6 Outline of this thesis
Chapter 2 investigates the influence of uncertainty in substance properties, lack of spatial 
variability in emissions, lack of spatial variability in landscape characteristics and model un­
certainty on estimated concentrations of Benzo[a]pyrene in air, fresh water, and soil pore wa­
ter. Uncertainty in estimations due to uncertainty in substance properties is assessed using 
Monte Carlo simulation in a generic one box model, SimpleBox. Uncertainty in estimations 
due to neglect of spatial variability in emissions and landscape characteristics is assessed by 
performing calculations with three spatially resolved models, EVn BETR, BETR Global and 
Impact 2002. Additionally, the influence of spatial variability in emissions only is estimated 
by performing calculations with uniformly distributed average emissions. Model uncertainty 
is assessed (1) by comparing average estimations between the four models (intermodel differ­
ence) and (2) by comparing concentrations calculated in SimpleBox to a version where sorp­
tion to black carbon was left out (uncertainty due to neglect of sorption to black carbon).
In Chapter 3 variations in estimated concentrations of a number of persistent organic pol­
lutants due to variation in emissions and due to variation in landscape characteristics are 
quantified and compared. SimpleBox is adapted for this purpose to include regional differ­
ences. Additionally, the findings are compared to a literature review on factors influencing 
spatial variability in estimated concentrations.
In Chapter 4 estimated concentrations of PCB-153 are compared to observed concentra­
tions in air, soil, fresh water sediment and fresh water biota. A food chain based on the 
OMEGA model (Hendriks and Heikens, 2001; Hendriks et al., 2001) was added to Simple­
Box for that purpose. Different modelling options are compared to estimate the effect of in­
cluding spatial variability in landscape characteristics, including spatial and temporal variabil­
ity in emissions and including emissions to water next to emission to air. Spatial variability is 
included by reparameterizing the box model consecutively for different regions in Europe 
with different environmental characteristics and emission rates.
In Chapter 5 the effects of including sorption to black carbon in solids-water partitioning 
on estimated Biota-Solids-Accumulation Factors (BSAFs) for polycyclic aromatic hydrocar­
bons are investigated. Additional uncertainty in estimated BSAFs due to uncertainty in the 
black carbon sorption calculation is assessed by means of Monte Carlo simulation. Uncer­
tainty due to spatially variable black carbon contents and concentrations in solids and uncer­
tainty due to parameter uncertainty in the black carbon partitioning calculation are included.
Chapter 6 investigates uncertainty in estimations of Biota-Accumulation Factors (BAF) 
due to parameter uncertainty in the bioaccumulation model OMEGA. Uncertainties in species 
characteristics and rate constants for intake and elimination are taken into account.
In Chapter 7 the various sources of uncertainty assessed in this PhD thesis are compared 
and conclusions are drawn. Recommendations for model development and application are de­
duced from these conclusions.
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Abstract
This paper evaluates the contribution o f (i) uncertainty in substance properties, (ii) lack o f 
spatial variability, (iii) intermodel differences and (iv) neglecting sorption to black carbon 
(BC) to the uncertainty o f Benzo[a]pyrene (BaP) concentrations in European air, soil and 
fresh water predicted by the multi-media fate model SimpleBox. Uncertainty in substance 
properties was quantified using probabilistic modelling. The influence o f spatial variability 
was quantified by estimating variation in predicted concentrations with three spatially ex­
plicit fate models (Impact 2002, EVn BETR and BETR Global). Intermodel differences were 
quantified by comparing concentration estimates o f SimpleBox, Impact 2002, EVn BETR and 
the European part o f BETR Global. Finally, predictions o f a BC-inclusive version o f Simple­
Box were compared with predictions o f a BC-exclusive version. For air concentrations o f 
BaP, the lack o f spatial variability in emissions was most influential. For freshwater concen­
trations o f BaP, intermodel differences and lack o f spatial variability in dimensions o f fresh 
water bodies were the dominant sources o f uncertainty. For soil, all sources o f uncertainty 
were o f comparable magnitude. Our results indicate that uncertainty in SimpleBox can be as 
large as three orders o f magnitude fo r  BaP concentrations in the environment and would be 
substantially underestimated by focusing on one source o f uncertainty only.
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2.1 Introduction
In risk assessment, multi-media fate models are often used to estimate concentrations in 
various environmental compartments based on emissions and physico-chemical and environ­
mental properties. Generic models as described by Mackay et al. (1992a) assume steady-state 
conditions and predict averages over the entire volume of each compartment. These models 
may over- or underestimate environmental concentrations at a particular location and at a par­
ticular moment. This over- or underestimation can have several reasons, such as uncertainty in 
input parameters, disregard of variation in time or space, and model uncertainty (Morgan and 
Henrion, 1990). Input uncertainty results from a lack of knowledge of the true value of an in­
put parameter, such as substance properties or emissions. Spatial variation arises from differ­
ences between locations in the physical environment, such as location-specific organic carbon 
contents in the soil or location-specific emission rates. Model uncertainty is due to the fact 
that models are simplified representations of a real world system. Choices and assumptions, 
either explicit or implicit, in building these representations involve uncertainty in model struc­
ture, equations, boundaries, model detail and model resolution (Cowan et al., 1995; Ragas et 
al., 1999).
Error can best be quantified by comparing model predictions with measurements, as shown 
by Armitage et al. (2007). However, this is not always feasible, e.g. due to lack of data and 
resources. Another option is to quantify the sources of uncertainty separately, based on the 
application of different uncertainty assessment techniques such as error propagation and 
model comparison. An advantage of this option is that the impact of the different sources of 
uncertainty can be compared, which provides useful insights for model developers and users. 
A disadvantage is that the validity of the uncertainty estimate cannot be evaluated.
The goal of this paper is to quantify and compare four sources of uncertainty in concentra­
tions predicted by version 3.0 of SimpleBox (Den Hollander et al., 2004), a multi-media fate 
model where Europe is treated as one box. These four sources of uncertainty are (i) uncer­
tainty in substance-specific input parameters, (ii) lack of spatial variability, (iii) intermodel 
differences, and (iv) neglecting sorption to black carbon (BC). The polycyclic aromatic hy­
drocarbon, Benzo[a]pyrene (BaP), is defined under the Arhus Protocol of the United Nations 
Convention on Long-range Transboundary Air Pollution as persistent organic pollutant 
(POP). POPs are substances with toxic characteristics, bioaccumulation and long-range at­
mospheric transport potential and that are likely to cause adverse, such as carcinogenic, health 
effects (UNECE, 1988). After emissions to air, BaP partitions into different media and is 
transported to other regions (Prevedouros et al., 2004b). For this multi-media behaviour, BaP 
is chosen as a model substance. Uncertainty in substance-specific input parameters (further 
referred to as input uncertainty) was quantified by means of probabilistic modelling in Sim- 
pleBox. The influence of spatial variability was quantified by comparing variation in concen­
trations predicted by three spatially explicit fate models with different resolution: Impact 
2002, EVn BETR and BETR Global (Margni et al., 2004; Prevedouros et al., 2004a; 2004c; 
MacLeod et al., 2005; Pennington et al., 2005). For reasons of comparability, all models cover 
the same region (Europe) and include similar compartments (i.e., air, soil and fresh water). 
Intermodel differences were quantified by comparing concentrations predicted by SimpleBox, 
Impact 2002, EVn BETR and the European part of BETR Global. Intermodel differences,
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however, do not always reveal the true extent of model uncertainty, particularly if the models 
are based on similar assumptions or if these models do not include all relevant physical and 
chemical processes (Morgan and Henrion, 1990; Ragas et al., 1999). To explore the validity 
of model comparison as a tool to assess model uncertainty, model predictions are also com­
pared for two versions of SimpleBox, reflecting different states of knowledge. As BaP has 
recently been shown to have a high affinity for various carbonaceous geosorbents 
(Cornelissen et al., 2005), inclusion of algorithms to represent sorption to (BC) is used as an 
example of how assimilation of new information and understanding of environmental fate 
processes can influence model uncertainty.
2.2 Materials and Methods
2.2.1 Models
SimpleBox
SimpleBox is a multi-media environmental fate model, where Europe is treated as one box. 
The latest version (SimpleBox 3.0; Den Hollander et al., 2004) consists of four spatial scales: 
a local, regional, continental and a global scale. Default settings of the continental scale are 
parameterised for Europe. The global scale is added to serve as background for the continental 
and regional scales and reflects one arctic, temperate and tropic zone of the northern hemi­
sphere. The regional and continental scale consist of ten homogeneous environmental com­
partments: air, fresh and marine water, fresh and marine water sediment, agricultural, natural 
and industrial soil compartments, and vegetation on natural and agricultural soil.
IMPACT 2002
IMPACT 2002 (IMPact Assessment of Chemical Toxicants) is a spatially resolved multi­
media fate and multipathway exposure model for Western Europe (Margni et al., 2004; 
Pennington et al., 2005). The European model zone is linked to a global scale. IMPACT 2002 
consists of 135 land zones (watersheds), 124 oceanic zones and 156 air zones (200 x 250 km 
grid). The watershed zone includes air, soil (root and vadose), vegetation (root, stem, leaf, 
surface residue), fresh water and sediment compartments. Oceanic grid cells match the air 
grid and consist of an upper and lower layer of sea water and one layer of oceanic sediment.
EVn BETR
EVn BETR (European Variant Berkeley-Trent model) includes grid and parameterisation 
for the European region (Prevedouros et al., 2004a; 2004c). A grid of 50 cells (500 x 500 km 
grid) describes the European continent with four further perimetric boxes and a 55th region 
representing an outside area to maintain the mass balance. Concentrations in air (upper and 
lower), vegetation, water (fresh and coastal), soil and sediment are calculated for each region.
BETR Global
BETR Global (MacLeod et al., 2005), also derived from the Berkeley-Trent contaminant 
fate modelling framework (MacLeod et al., 2001), consists of 288 linked multi-media regions
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(2000 x 2000 km grid) coupled to monthly averaged climate data from a general circulation 
model. A subset of 12 of these regions represents the European continent and each comprises 
the following compartments: upper and lower air, vegetation, fresh and coastal water, soil and 
sediment.
2.2.2 Benzo[a]pyrene
Physico-chemical properties of BaP were taken from McKone et al. (1995). Spatially dis­
tributed emission data for BaP to air were available for 2003 via EMEP (www.emep.int, offi­
cially submitted data and expert estimates by Baart et al. (1995); Berdowski et al. (1997); 
Tsibulsky et al. (2001); Figure 2.1). Emissions via other modes of entry, such as direct or in­
direct discharge to waterways were not included. Emission estimates, originally on a 50 km x 
50 km grid, were aggregated to derive total emissions per model grid cell using GIS software. 
After the aggregation, spatial resolution of the emission estimates corresponds to the spatial 
resolution of the respective models. Maps of emissions per model grid, selected physico­
chemical properties and total emissions are included in the Appendix A.1-2.
•  0.226- 0.500
•  0.501 - 1.250
•  1.251 - 2.850
Figure 2.1. Benzo[a]pyrene emissions [t/y] for 2003 from EMEP.
The chemical fraction dissolved in (pore) water is considered a more accurate indication 
for exposure compared to bulk concentrations because only the dissolved fraction is generally 
available for uptake by biota (Schrap and Opperhuizen, 1990; Kraaij et al., 2003). Multi­
media predictions were therefore compared for dissolved concentrations in the water and soil 
compartments. Calculation of solids-water partitioning based on one single organic carbon 
phase, as commonly employed in fate models, has been shown to overestimate dissolved 
chemical concentrations, particularly of polycyclic aromatic hydrocarbons (Bucheli and 
Gustafsson, 2001). Predictions can be improved by including strong sorption of these sub-
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stances to BC (Gustafsson et al., 1997; Jonker and Koelmans, 2002; Accardi-Dey and 
Gschwend, 2003). In the soil and fresh water compartments of all four models, we included 
sorption to BC (Accardi-Dey and Gschwend, 2002):
K s w  — — f 0C • K 0C +  f BC • K f,BC • C d is1 (2.1)
Cdis
Where
Ksw Solids-water partitioning coefficient [L-kg-1]
Csolids Concentration in solids [^g-kg-1]
Cdis Dissolved concentration of BaP in (pore) water [^g-L_1] 
fOC Organic carbon fraction excluding BC in solids [-]
Koc Organic carbon-water partitioning coefficient [L-kg-1]
fBC BC fraction in solids, parameterised as 1/10 of the total organic carbon fraction
[-] (Koelmans et al. (2006) and references therein)
Kf,BC Freundlich coefficient for sorption of BaP to BC [^g kg-1 / (^g -L-1)n] 
(Koelmans et al., 2006) 
n Freundlich parameter [-] (0.7; Cornelissen et al., 2006; Koelmans et al., 2006)
BC sorption was not included in air particulates because a recent study showed that adding 
this process to multi-media models had little effect on variation in air levels or deposition to 
soil (Prevedouros et al., 2008).
As can be seen in Equation 2.1 calculation of the solids-water partition coefficient depends 
on the dissolved concentration, whereas dissolved concentrations are calculated from the sol- 
ids-water partition coefficient. Dissolved concentrations including BC sorption were calcu­
lated in a two step iterative procedure. From the bulk concentrations predicted by the fate 
models, dissolved concentrations and corresponding BC-inclusive solids-water partition coef­
ficients were derived according to Equation 2.1 (Hauck et al., 2007). In the next step, the par­
titioning coefficients obtained in the first step were included in the fate model to recalculate 
bulk concentrations. The whole procedure was repeated until dissolved concentrations re­
mained constant (deviations in results < 1%). Equations for including sorption to BC in the 
partitioning equations of the respective models are given in the Appendix A.3.
2.2.3 Uncertainty analysis
Sources of uncertainty were separated into four distinct classes:
1. Uncertainty in substance-specific input parameters;
2. Lack of spatial variability;
3. Intermodel differences;
4. Neglecting sorption to black carbon.
The spread of a frequency distribution can be seen as a measure of uncertainty (Verdonck 
et al., 2008). Spread in predicted concentrations that follow a lognormal distribution can be 
expressed by means of a dispersion factor k (Slob, 1994). The dispersion factor k can easily 
be translated to the standard deviation but has the advantage that it does not depend on the
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magnitude of the mean and therefore makes comparison of different types of uncertainty pos­
sible. The factor k is the ratio of the 97.5-percentile and the 50-percentile and was calculated 
for the uncertainty types 1 to 3 by:
k  — 1 0 1 -96-c-s dlog (2.2)
where sdlog is the standard deviation of the log transformed values and c is a constant that 
corrects the z-value of 1.96 for limited sample size. The constant c equals 1 + 1/  (4(n - 1) ) where 
n is the number of samples.
A Monte Carlo simulation was performed in SimpleBox to assess the uncertainty in 
chemical concentrations due to input uncertainty, i.e. uncertainty in substance related input 
parameters. Contribution to variance was also assessed. The Monte Carlo simulation con­
sisted of 10,000 iterations using Crystal Ball 7.1.2 (Decisioneering, Inc., 2005). The uncer­
tainty in physico-chemical parameters was approximated by lognormal probability distribu­
tions. Lognormal distributions are restricted to positive values, which is true for the substance 
specific parameters used as input in the models, lognormal distributions capture a large value 
range and allow for skewness in probability distribution (Slob, 1994; Limpert et al., 2001; 
MacLeod et al., 2002). Uncertainty estimates for the physico-chemical BaP properties were 
derived from McKone et al. (1995) and from Koelmans et al. (2006). Uncertainty estimates 
for total European emissions were derived from ranges found for BaP emissions for the 
Greater Stockholm area (Prevedouros et al., 2008). Characteristics of the probability distribu­
tions of the substance-specific input data are shown in the Appendix A.2.
The influence of neglecting spatial variability in SimpleBox was assessed as the variation 
in grid-specific concentrations predicted by each of the models Impact 2002, EVn BETR and 
the European part of BETR Global. Spatial variability was assessed in two scenarios. In a re­
alistic scenario, grid-specific emissions were used while in an alternative scenario, emissions 
were evenly distributed over the modelled area. In this alternative scenario, spatial variability 
in predicted concentrations was a result of spatial heterogeneity in the environmental parame­
ters only. Comparison of both scenarios showed whether spatial heterogeneity in environ­
mental parameters or spatial heterogeneity in emissions dominantly influenced spatial vari­
ability in concentration predictions in this case study. Standard deviations, required in the cal­
culation of the dispersion factor k (see Equation 2.2) were derived from grid-specific concen­
trations, weighted according to the fraction of surface area of a specific medium per grid cell.
Intermodel difference reflected the differences between the average concentrations pre­
dicted by the four models included. These differences are due to model structure, formulation 
and parameterisation. Standard deviations were derived from the average concentrations of 
the four models. In the spatially explicit models, the average concentration was calculated 
from the grid-specific concentrations, again weighted according to the fraction of surface area 
of a specific medium per cell.
Finally, to reflect different states of knowledge, the BC-inclusive version of SimpleBox 
was compared with a version where BC-sorption was left out. In this specific case, the ratio of 
the concentrations predicted by both versions is calculated to illustrate how model uncertainty 
can change when knowledge on environmental processes progresses.
27
Chapter 2
2.3 Results and Discussion
2.3.1 Input Uncertainty
Dispersion factors for input uncertainty range from 9.4 to 190 from air to soil (Table 2.1). 
This range is consistent with uncertainty from substance properties found by Hertwich et al. 
(2000), who assessed substance-specific uncertainty in potential doses for BaP. Uncertainty of 
the concentrations in the secondary compartments, water and soil, is higher compared to con­
centrations in the emission compartment, air. Uncertainty in emission estimates, degradation 
rates, and intermedia transport rates from air to water and soil determine the uncertainty in air 
concentrations. On top of these uncertainties, uncertainty in water and soil degradation rates 
and uncertainty in BC partitioning play a role for the secondary compartments water and soil. 
This clarifies why uncertainty in our secondary compartments is larger than the uncertainty in 
the emission compartment, as can be seen in Table 2.1. A smaller uncertainty in the concen­
trations of the emission compartment compared to the secondary compartments has been 
found by others as well (e.g. Ragas et al., 1999; Huijbregts et al., 2000; Huijbregts et al.,
2005).
Tab le  2 .1 . Input uncerta inty , spatial variability, intermodel difference (dispersion factors)  
and difference between BC-inclus ive  and B C -exc lus ive  vers ions  of S im p leBox  (ratio of 
m ean concentrations) for variation in BaP concentrations in air, dissolved BaP co n cen tra­
tions in fresh w ater  and soil.
Input un­
certa inty
Spatial Variability
Interm odel
difference
Without BC  
sorption
Sim plebox
Im p act
2002
EVn
BETR
BETR
Global
All models Sim plebox
Air 9 .4-10° 5 .0 -1 0 1 3 .6 -1 0 1 2 .6 -1 0 1 1 .1 -1 0 1 1 .0-100
Fresh w ater 3 .9 -1 0 1 1 .1 -103 2 .8 -1 0 1 7 .7 -1 0 1 1.9-104 5 .6 -1 0 1
Soil 1 .9 -102 1 .7 -102 3 .0 -1 0 2 7 .1 -1 0 1 7 .3 -1 0 2 4 .0 -1 0 2
Analysis of the contribution to variance showed that uncertainty in emissions and in the 
degradation rate in air contributed dominantly to variance in predicted concentrations in all 
compartments. Additionally, degradation in soil had the highest influence on concentrations 
in soil. For the fresh water compartment, degradation in sediment also contributed substan­
tially to the variance in predicted concentrations. For a fate model of polyclic aromatic hydro­
carbons developed by Greenfield and Davis (2005), degradation in sediment was most influ­
ential for the fate estimations. As their model focussed on the water compartment, our results 
are in line with their findings.
Uncertainty estimates for emissions were deduced from measurements in the Stockholm 
area (Prevedouros et al., 2008), covering a small part of Europe only. Prevedouros et al. 
(2008) report that residential burning was the major emission source in their study, which is 
consistent for numbers reported for Europe by Shatalov et al. (1995). The second most impor­
tant source for Europe (metal production) is not present in the Stockholm area. Dispersion 
factors are, however, comparable to those summarised by Pacyna et al. (2003), who reported 
historical national emission inventories of BaP. Therefore, these dispersion factors were con­
sidered representative for Europe.
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2.3.2 Spatial variability
Dispersion factors for spatial variability range from 26 to 1,100 for all models and com­
partments (Table 2.1). With exception of EVn BETR, spatial variability is smallest in the air 
compartment and larger in the secondary compartments, soil and fresh water. In the air com­
partment, the model with the finest grid, Impact 2002, predicts the largest variation (k = 50), 
whereas the model with the coarsest grid, BETR Global, predicts the smallest spatial variation 
(k = 26). In the fresh water compartment, spatial variability predicted by Impact 2002 is large 
(k = 1,100) compared to other models and compartments (k = 28-77). Watersheds are charac­
terised in detail in Impact 2002, accounting for differences between fresh water bodies, such 
as large lakes with hydraulic residence times of about 10 years or rivers with residence times 
of 48 hours (Pennington et al., 2005). EVn BETR predicts the lowest spatial variability in 
fresh water (k = 28), although it contains an intermediate grid. The variation in fresh water 
depth and rain rate is smaller in EVn BETR compared to BETR Global. This is reflected in 
the smaller spatial variability for EVn BETR compared to BETR Global in the fresh water 
compartment. In the soil compartment, variation in predicted concentrations is largest in EVn 
BETR (k = 300), primarily due to a larger variation in the organic carbon content compared to 
the two other models.
Using equally distributed emissions resulted in a factor of 2 -  95 smaller dispersion factors 
for spatial variability compared to grid-specific emissions (Table 2.1 compared with Table
2.2). It demonstrates that predicted spatial variability is dominated by spatial distribution of 
the emissions, with exception of the fresh water compartment in Impact 2002. This exception 
can be explained by the detailed modelling of water bodies in Impact 2002.
Tab le  2 .2 . Dispersion factors k for spatial variability in concentrations in air, dissolved
concentrations in fresh w ater  and soil of BaP with equally  distributed em iss ions  to air.
Spatial Variability
Im p act  2002 EVn B ETR B ET R  Global
Air 1 .4 -100 1 .7 -100 2 .6 -1 0 0
Fresh w ater 6 .1 -1 0 2 1 .7 -100 3 .3 -1 0 0
Soil 2 .0 -1 0 0 3 .2 -1 0 0 4 .9 -1 0 0
2.3.3 Intermodel difference
Dispersion factors for intermodel differences range from 11 in the air compartment to 
19,000 in the fresh water compartment (Table 2.1). In the air compartment, SimpleBox pre­
dicts about a factor of nine higher average bulk concentration compared to other models (see 
Appendix A.3). This can be explained by a smaller advection rate leaving the model area in 
SimpleBox compared to the other three models. Armitage et al. (2007) compared model pre­
dictions of SimpleBox, Impact 2002 and EVn BETR with monitoring data for a number of 
organic compounds. Generally, all models performed well for the air compartment, although 
air concentrations were indeed overestimated by SimpleBox compared with concentration 
measurements in the air.
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In the fresh water compartment, SimpleBox predicts average dissolved concentrations 
comparable to Impact 2002 but about two orders of magnitude higher than EVn BETR and 
BETR Global (see Appendix A.3). These different concentrations are related to a smaller 
typical surface water depth in SimpleBox and Impact 2002 as compared to EVn BETR and 
BETR Global. Fresh water depth in EVn BETR and BETR Global is 20-40 m, whereas in 
SimpleBox it is 3 m. Although variation in water depth in IMPACT 2002 is large, in 83% of 
the watershed zones water depth is smaller than 3m. Compared with measured total concen­
trations in the fresh water compartment, predictions by SimpleBox and Impact 2002 were 
within a factor of three with measurements, but concentrations were largely underestimated 
by EVn BETR (Armitage et al., 2007).
In the soil compartment, SimpleBox predicts about a factor of 60-700 higher dissolved 
concentrations than the other models (see Appendix A), which is related to differences in 
model assumptions concerning organic carbon content and the differing air concentrations. 
All models were shown to underestimate measured total concentrations in soil (Armitage et 
al., 2007).
Figure 2.2 shows location-specific intermodel differences. It appears that intermodel dif­
ference is generally larger with increasing distance from areas with high emissions (compare 
Figure 2.1 and 2.2). This pattern is most obvious for the air compartment, which suggests that 
intermodel differences in interregional transport play an increasing role in intermodel differ­
ence. Our results are in line with Cowan et al. (1995), who stated that differences in predic­
tions between different multi-media fate models increased from air to water to soil and were 
mostly related to differences in inter-media transport parameterisation.
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Figure 2 .2 .  Dispersion factors for variation due to intermodel d ifferences between S im -  
pleBox, B ET R  Global, EVn B ET R  and Im pact  20 02  in A) B en zo [a ]p yren e  concentrations in 
air, B) dissolved B en zo [a ]p yren e  concentrations in fresh w ater  and C) B en zo [a]p yren e  
concentrations in pore w ater  of the soil com partm ent.
2.3.4 Black carbon sorption
When BC sorption was not included, dissolved concentrations predicted by SimpleBox 
were a factor of 56 higher in the fresh water compartment and a factor of 400 higher in the 
soil compartment compared to predictions with BC sorption (Table 2.1). A BC-inclusive fate 
model, developed by Prevedouros et al. (2008), predicted dissolved BaP concentrations that 
were a factor of more than 250 lower than in the BC-exclusive version, suggesting a compa­
rable effect. Exclusion of BC sorption in the models did not influence model difference in air 
concentrations of BaP because these are fully determined by atmospheric processes, obvi­
ously not depending on BC sorption in fresh water and soil.
2.3.5 Implications for risk assessment
It should first be noted that results obtained are specific to BaP and cannot be simply ex­
trapolated to other substances. Keeping this limitation in mind, we can identify the dominant 
sources of uncertainty in SimpleBox in this case study. For the air compartment, uncertainty 
due to neglected spatial variability in emissions can lead to uncertainty in BaP concentrations
31
Chapter 2
in SimpleBox up to one to two orders of magnitude. The influence of spatial emissions pat­
terns on model predictions stresses the importance of reliable spatial differentiation of emis­
sion estimates, as highlighted by Prevedouros et al. (2004b) and Breivik et al. (2006). For 
freshwater concentrations, intermodel differences were the largest source of uncertainty, four 
orders of magnitude, caused by systematic differences in model dimensions of fresh water 
bodies. Lack of spatial variability in the environmental parameterisation was the second im­
portant source of uncertainty in fresh water, resulting in uncertainty in BaP concentrations in 
SimpleBox up to 3 orders of magnitude. In the soil compartment, intermodel difference was 
also the largest source of uncertainty, but the other sources of uncertainty were of comparable 
magnitude (two orders) and should not be neglected. Hertwich et al. (2000) compared differ­
ent sources of uncertainty for potential dose predictions in life-cycle assessment for a number 
of chemicals. To assess model uncertainty, they added rain events and used different vegeta­
tion modules. The uncertainty due to these additional processes and uncertainty in substance 
properties were in the same orders of magnitude. This is in line with our results. Our results 
are different, however, for spatial variability, as Hertwich et al. (2000) concluded that vari­
ability in landscape parameters had no significant influence on their model outcomes. Their 
focus was, however, on the influence of spatial variation in the relative comparison between 
chemicals and not so much on the absolute influence of spatial variation on environmental 
concentrations.
Our findings imply that the uncertainty in BaP concentrations produced by SimpleBox can 
be substantial (up to three orders of magnitude). The main sources of uncertainty in BaP con­
centrations in SimpleBox are lack of spatial variability in emissions and environmental pa­
rameters for air and freshwater, whereas all sources of uncertainty are influential for soil. Ad­
ditionally, our results indicate that assessing one source of uncertainty only can lead to a sub­
stantial underestimation of the overall uncertainty in predicted environmental concentrations 
by multi-media fate models, like SimpleBox.
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Abstract
Multimedia mass balance models, used to simulate the fate o f chemicals in the environ­
ment, differ in their treatment o f spatial resolution from  single boxes representing an entire 
region to multiple interconnected boxes with varying landscape properties and emission in­
tensities. Here, model experiments were conducted to determine the relative importance o f the 
different factors that cause spatial variation in environmental chemical concentrations, such 
as patterns in emission intensities, physical-chemical substance properties and spatial differ­
ences in European environmental conditions. It was concluded that variation in emissions is 
in most cases the dominant source o f variation in environmental concentrations. It was found, 
however, that variability in environmental conditions can be relevant in some cases if  a 
chemical has a high octanol-air partition coefficient and the receptor compartments o f inter­
est are soil or water. This information will help to determine the required level o f spatial de­
tail that suffices fo r  a specific regulatory purpose.
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3.1 Introduction
Environmental fate models that predict concentrations of chemical substances in air, water 
and soil from release rates into the environment are used frequently in environmental deci­
sion-making. The available models differ greatly with respect to levels of spatial and temporal 
detail, and (consequently) in level of model complexity. Acknowledging the principle of par­
simony, decision makers will generally favour the use of models of low complexity: "as sim­
ple as possible, but as complex as needed for the purpose". Scientifically sound environmental 
decision-making would be served by the availability of objective criteria that help choosing 
the simplest model that just suits the purpose. This study aims to assist regulators in making 
such choices.
Multi-media mass balance models (MMMs), first developed in the late 1970s and early 
1980s, are commonly applied for regulatory purposes (Mackay, 1979; Mackay and Paterson, 
1981; Mackay et al., 1985). In many MMMs the environmental media are represented as sin­
gle well-mixed boxes, within which the environmental conditions, emission intensities and 
concentrations are assumed to be spatially homogeneous. Examples of multi-media box mod­
els of this type are the OECD-tool (Wegmann et al., 2009), SimpleBox (Den Hollander et al., 
2004) and CalTox (McKone, 1993a). Spatially resolved MMMs have been developed since 
the 1990s, principally by extending the classical ‘box’ models to systems of interconnected 
boxes representing large geographic regions (Wania and Mackay, 1995). More advanced 
models followed (Wania, 1996; Woodfine et al., 2001), and presently many different MMMs 
exist, showing a wide variety in the extent to which environmental characteristics are de­
scribed in spatial detail. Examples of well-known spatially-explicit MMMs are IMPACT 
2002 (Pennington et al., 2005), EVn BETR (Prevedouros et al., 2004c), BETR World (Toose 
et al., 2004), BETR Global (MacLeod et al., 2005), and G-CIEMS (Suzuki et al., 2004). Si­
multaneously, the development of global circulation models (GCMs) and detailed single­
media atmospheric and ocean models have resulted in the development of multicompartment 
fate models such as MSCE-POP (Gusev et al., 2005), MCTM (Lammel, 2004) and LOTOS­
EUROS (Schaap et al., 2005), which enable a much more detailed description of chemical 
transport in different media, particularly air, by implementing numerical solutions of the ad- 
vection-dispersion-reaction equation. As a specific sub-group of spatially-resolved models, in 
recent years, MMMs have been developed that apply watersheds as spatial entities and that 
take into account hydrology, in order to cover the appropriate chemical distributions in sur­
face water. Examples are IMPACT 2002 (Pennington et al., 2005), G-CIEMS (Suzuki et al., 
2004) and BasinBox (Hollander et al., 2006). Besides, in order to fully exploit the opportuni­
ties provided by geographic information system (GIS) based datasets and models, Pistocchi 
(2008b) presents a modelling approach exclusively based on the analytical capabilities of GIS.
The obvious advantage of spatially-resolved MMMs over the non-spatial box models is the 
ability to account for spatial variation in emissions and environmental characteristics, allow­
ing the prediction of spatially explicit concentrations. In addition, spatial models are able to 
predict the directions of air and water flows with corresponding chemical fluxes. The obvious 
disadvantage is increased model complexity with increased need for input data. Computation­
ally, increased model complexity is no longer problematic, a fact which paves the way to the 
widespread use of spatial models. Why not always use spatial models? Incentives for using
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simple, non-spatial models are that data demand is relatively low, model application is 
straightforward and that the output is relatively easy to process and interpret without introduc­
ing error (Woodbury, 2003). Reasons for using spatial models are to be found in the purpose 
of the study (Mackay et al., 1997): the level of spatial detail needed. This has also be sug­
gested in a report by OECD (2004), which mentions criteria for determining the optimal spa­
tial detail in multi-media mass balance models, including, besides the availability of spatially 
explicit input data and the technical or computational possibilities, the purpose of the model­
ling study.
To enable a well-considered decision on the degree of the spatial variation to be incorpo­
rated in a model that meets the desired level of detail, one should have an idea of the effects 
of integrating the variability in environmental conditions and emissions on the spatial varia­
tion in the model outcomes. The wide spread in spatial variability in chemical concentrations 
for different substances, emission situations, environmental compartments and regions, com­
plicates a quantitative description of the spatial variation of concentrations of substances. It is 
even more challenging to separate the influence of emission inputs and of environmental 
characteristics on the total variation, on a substance-by-substance basis. The effect of uncer­
tainty and variability of model inputs on model predicted outcomes has already been ad­
dressed in various studies and we review these in more detail in the discussion.
The aim of this paper is to assess the relative importance of the factors that determine the 
variation in environmental chemical concentrations under different spatial circumstances. 
With this information, the objective is to help environmental decision makers to determine the 
minimum level of spatial modelling detail that suffices for the (regulatory) purpose. To 
achieve this aim, we systematically quantify the relative importance of spatial emission pat­
terns compared to the importance of spatial differences in European environmental conditions 
for seven neutral, persistent organic substances emitted to air. In the discussion, additional 
qualitative and semi-quantitative information on factors influencing variation in environ­
mental concentrations of chemicals is derived from reviewing the existing literature. This 
study is based upon calculations with seven selected persistent organic pollutants (POPs), 
emitted to air only. Therefore, results are limited to neutral organic compounds.
3.2 Importance of spatial emissions and environmental conditions
3.2.1 Model set up
Following up on the recommendations made by Hollander (2008), we performed a number 
of additional multimedia modeling calculations in order to gain insight into the relative im­
portance of spatial differences in emission intensities on the spatial variation in concentra­
tions. For 13 different chemical substances and substance groups, which have been identified 
as POP or candidate-POP by the Stockholm Convention (UNEP, 2001) and/or the UNECE 
LRTAP Convention (UNECE, 1996, 1998), Denier-Van der Gon et al. (2007) reported emis­
sion inventories to air for the year 2000 on a 50x50 km resolution (according to the EMEP 
grid; EMEP, 2008). Seven of these were selected to be used in this study. We excluded the 
emissions for groups of chemical substances where there was a lack of appropriate physical- 
chemical property information, and those for HCH, because emissions for this substance were 
reported in only five regions of Europe. The seven selected chemicals together with their es­
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timated physical-chemical properties, are listed in Table 3.1. All physical-chemical property 
values were derived using the EPISuite 4.0 software program (U.S.-Environmental- 
Protection-Agency, 2000). The study area was limited to the land area of Europe (approxi­
mately -10°-45° E, 35°-65° N). The spread in emission intensities over the modelled regions 
in Europe for the seven substances is shown in Table 3.2 by the 5th, 25th, 50th, 75th and 95th 
percentile of the emissions in the different regions. For each of the seven selected chemicals 
the following characteristics were estimated:
i) The spatial variation in environmental concentrations due to the spatial variability in the 
air emissions alone, thereby keeping the environmental parameters on a constant, aver­
age European value;
ii) The spatial variation in environmental concentrations due to the spatial variability in 
environmental conditions alone, assuming air emissions to be the same everywhere;
iii) The total spatial variation in environmental concentrations caused by the combination of 
variability in emissions and environmental conditions.
Environmental parameter values were taken from Pistocchi et al. (2006) and used as input 
for the model as described in Hollander et al. (2009). Calculations were performed with an 
adapted version of the nested SimpleBox model (Den Hollander et al., 2004; Hollander et al., 
2007; Hauck et al., 2010). The nested model contained a local, regional, supra-regional and 
continental scale. Estimations were performed for local zones of 100x100 km (the ‘target re­
gion’ of the model). The values for the environmental conditions and emissions were re- 
parameterised consecutively for this target region to represent all different regions in Europe 
one by one, thereby mimicking the spatial variability in emissions and environmental condi­
tions in Europe. Each target region was surrounded by a regional shell of 80,000 km , and by 
a supra-regional shell that covered an area of 160,000 km . A detailed description of the 
model settings and the calculation methods used is given by Hauck et al. (2010). Steady-state 
calculations were performed for air, fresh water and soil as receiving compartments. As a 
measure of variation we took the ratio between the 95th and 5th percentile of the predicted 
concentrations in the target cells.
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Tab le  3 .1 . Physical-chem ical property data of the su b stan ce s  used in the current study. 
V alu es  w ere derived from EP I S u ite ™  v 4 .0  estim ations (U S -EP A , 2 0 0 9 ) .V a lu e s  for aquatic  
biodegradability w ere derived from Biowin3, and converted to half lives using the co nv er­
sion factors given by Aronson et al. (2 0 0 6 ) .  The  ratio between w ater , soil and sed im ent  
degradation rate co nstants  w as a ssu m ed  to be 1 :2 :9 .____________________________________________________
Name MW
g/mol
Tm
oC
Pvap
Pa
Sol
mg/L
KOW Kh' KOA HLair
d
HLw
d
HLsed
d
HLsoil
d
HCB
BaP
Dicofola
3 1 0 2
3 1 0 2
4 1 0 2
8 1 0 1
2 1 0 2
1 1 0 2
4 1 0 -4
1 1 0 -7
9 1 0 -6
2 1 0 -1
1 1 0 -2
8 1 0 -1
7 1 0 5
1 1 0 6
6 1 0 5
4 1 0 -2
8 1 0 -6
2 1 0 -8
2 1 0 7
2 1 0 1
3 1 0 3
6 1 0 2
2 1 0 1
3 1 0 0
2 1 0 2
6 1 0 1
6 1 0 1
2 1 0 3
5 1 0 2
5 1 0 2
4 1 0 2 
1 1 0 2 
1 102
Endo-
sulfanb 4 1 0 2 2 1 0 2 2 1 0 -4 1 100 3 1 0 3 4 1 0 -6 9 1 0 8 1 1 0 0 2 1 0 2 2 1 0 3 4 1 0 2
HBU
PBDE
PCP
3 1 0 2
6 1 0 2
3 1 0 2
6 1 0 0
2 1 0 2
1 1 0 2
3 1 0 -1
1 1 0 -4
1 1 0 -2
2 1 0 0
4 1 0 -4 
3 100
5 1 0 4
5 1 0 7
5 1 0 4
4 1 0 -1
1 1 0 -4
5 1 0 -6
1 1 0 5
3 1 0 1
1 1 0 10
4 1 0 2
2 1 0 1
2 1 0 1
2 1 0 2
2 1 0 2
2 1 0 2
2 1 0 3
2 1 0 3
2 1 0 3
4 1 0 2
4 1 0 2
4 1 0 2
HCB: Hexachlorobenzene (CAS 118-74-1), BaP: Benzo[a]pyrene (CAS 50-32-8), a: CAS 115-32-2, b: CAS 115­
29-7, HBU: Hexachlorobutadiene (CAS 87-68-3), PBDE: Pentabromodiphenylether (CAS 32534-81-9), PCP: 
Pentachlorophenol (CAS 87-86-5), MW: molecular weight, Tm: melting point, Pvap: vapour pressure at 25°C, 
Sol: water solubility at 25°C, Kow: octanol-water partition coefficient, Kh: dimensionless Henry coefficient, KoA: 
octanol-air-partition coefficient, HL: half-life, w: water, sed: sediment
Tab le  3 .2 . Percentiles of air  em ission  intensities (in m o l.s-1) over the 82 6  modelled target  
regions of Europe (of 100x100  km ), indicating the spread in em ission  intensities, as  well 
a s  the absolute em ission  v a lu es  of the seven  modelled sub stan ces .  For HCB, dicofol, en-  
dosulfan and HBU, no em ission  is reported for more than 2 5 %  of the target regions in 
the em ission  d a tab ases  of Van der Gon et al. (2 0 0 7 ) .  The  ratio between the 95th and 50th 
em ission  percentile is given (9 5p /50p ) .  Abbreviations of chem ical nam es as  in Tab le  3 .1 .
Name Percentiles of emission intensities over the 826 (100x100 km) re­
gions of Europe (mol/s)
5th 25th 50th 75th 95th 95p/50p
HCB 0 0 1 .8 10 -4 1 .7 10 -3 9 .7 1 0 -3 55.3
BaP 4 .0 1 0 -4 5 .1 1 0 -3 1 .9 10 -2 5 .3 1 0 -2 1 .5 10 -1 8
Dicofol 0 0 7 .8 1 0 -5 1 .6 10 -3 2 .0 1 0 -2 253.5
Endosulfan 0 0 1 .0 10 -2 4 .8 1 0 -2 1 .7 10 -1 16.3
HBU 0 0 6 .8 1 0 -6 8 .0 1 0 -5 6 .6 1 0 -4 96
PBDE 5 .4 1 0 -5 8 .4 1 0 -4 3 .3 1 0 -3 7 .6 1 0 -3 2 .4 1 0 -2 7.1
PCP 4 .8 1 0 -5 1 .0 10 -3 7 .3 1 0 -3 2 .1 1 0 -2 1 .1 10 -1 14.8
3.2.2 Influence of spatial variability in emissions and environmental conditions
In Figures 3.1 to 3.3 (for the air, soil and fresh water compartment respectively), the pre­
dicted spatial variation in concentrations of the seven POPs is given. The total spatial varia­
tion is shown, which is a result of the combination of the variability in emission intensities 
and in environmental conditions. The spatial variation caused by emission variability only 
(assuming constant environmental conditions) is further separated from the spatial variation 
caused by the variability in environmental conditions only (assuming unit emissions to air) 
and displayed as separate bars in Figures 3.1 to 3.3. Besides, the 95th and the 5th percentiles of 
the dominant chemical transport flows (in mol.s-1) are given in Table 3.3, as well as their ra­
tio, indicating the spatial variation in the various mass flows.
For all substances, the 95th to 5th percentile ratio in predicted concentrations caused by the 
variability in emission intensities is rather constant over the three receptor compartments. 
However, between the individual substances, large differences exist in the spatial concentra-
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tion variation caused by the emissions. The explanation for this is that the seven example sub­
stances have distinctive emission patterns, from widely dispersive to very site-specific (see 
the 95th/50th ratio in emission rates given in Table 3.2, and the 25th percentile being zero for 
four of seven substances). Some of the chemicals are released during their varied uses as 
commercial products (i.e. PBDE is used as fire retardant in electronic devices, endosulfan has 
been used as an insecticide) whereas others are unintentionally released (i.e. BaP during com­
bustion). These large spatial differences in actual emission intensities of the chemicals from 
rather homogeneous to very heterogeneous, cause large differences in the absolute values of 
the concentration variations caused by the emission variability, from a factor of 1.5 for HBU 
to more than three orders of magnitude for PCP, endosulfan and dicofol. In only a few cases 
the spatial variability in environmental conditions is predicted to be of greater influence than 
the spatial variation in emission intensities. This is the case for HBU and HCB in the soil and 
fresh water compartments. The main reason is the low emission variability for these com­
pounds, and thus the environmental variability becomes relatively more important.
The spatial concentration variation due to environmental conditions that was predicted by 
the model is always partly caused by environmental characteristics that influence the areas 
and the volumes of the environmental compartments in the different regions, i.e. the surface 
area of soil and water, the depth of the water compartment and the height of the air compart­
ment, the latter determined by its atmospheric mixing height. These geometric parameters in­
fluence the residence times of water and air in the different compartments, and thus the advec- 
tive export flows out of the compartments. For example, in the water compartment, the differ­
ences in water volumes and thus in water residence times are relatively high among the re­
gions, and are main sources of spatial variation in water concentrations. Variability in atmos­
pheric residence time is less pronounced, and the spatial variation in concentrations in air is 
dominated by differences in wind speeds among the regions and not by the atmospheric mix­
ing height variability. The remaining variation in spatial concentrations due to environmental 
conditions is caused by factors such as climatological parameters (e.g. temperature) and soil 
characteristics (e.g. organic carbon content). These factors influence the partitioning behav­
iour of the compounds among the different environmental media, and in that way determine 
the intensity of the various process flows.
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Tab le  3 .3 . The  9 5 th and 5th percentiles (95th p, 5th p) and their  ratio of the m ost im por­
tant removal process flows (in mol/s) in air, w ate r  and soil predicted by S im pleBox for 
the seven  su b sta n ce s ,  in case  of hom ogeneous em iss io ns  throughout Europe. Predicted  
differences in process flows shown are caused  by the spatial variability in environm ental  
conditions only. 3a) Rem oval process flows occurring from the air  com p artm ent ,  3b) R e ­
moval process flows occurring from the soil com p artm ent , 3c) Rem oval process flows oc­
curring from the w ater  com p artm ent. Abbreviations of chem ical nam es are explained in 
Table  3 .1 .
a) Air Wet and dry depo­sition to water
Wet and dry 
deposition to soil
Air export flow 
out of region Degradation
HCB 95th p 1.9-10"4 2.0-10"3 3.6-10"2 9.0-10"5
5th p 9.2-10"7 1.1-10"4 1.6-10"2 4.1-10"5
ratio 204.9 17.3 2.3 2.2
BaP 95th p 3.3-10"3 4.1-10"2 1.3-10'1 5.1-10"2
5th p 2.3-10"5 8.9-10"3 3.5-10"2 7.6-10"3
ratio 144.0 4.6 3.9 6.7
Dicofol 95th p 2.2-10"4 2.2-10"3 7.7-10"3 2.5-10"3
5th p 2.8-10"5 1.1-10"3 2.7-10"3 8.9-10"4
ratio 80.0 2.1 2.8 2.8
Endosulfan 95th p 1.5-10"3 1.2-10"2 7.6-10"2 7.5-10"2
5th p 1.8-10"5 3.2-10"3 2.9-10"2 5.4-10"2
ratio 86.2 3.9 2.6 1.4
HBU 95th p 1.3-10"5 2.4-10"5 6.3-10"2 2.6-10"4
5th p 8.6-10"8 3.0-10"6 2.9-10"2 1.5-10"4
ratio 147.2 8.2 2.2 1.7
PBDE 95th p 6.7-10"4 3.2-10"3 5.2-10"2 4.0-10"3
5th p 9.8-10"6 2.3-10"3 2.4-10"2 2.2-10"3
ratio 68.3 1.4 2.1 1.8
PCP 95th p 6.5-10"3 3.8-10"2 2.9-10"1 2.4-10"2
5th p 8.8-10"5 1.6-10"2 1.5-10"1 1.4-10"2
ratio 73.7 2.4 2.0 1.7
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b) Soil Runoff to surface water Leaching Volatilization Degradation
HCB 95th p 1.3-10"1 4.2^10"6 9.2^10"4 3.7
5th p 1.8-10"5 0 5.9^10"5 1 . M 0 ' 3
ratio 6875.7 - 15.6 3377.2
BaP 95th p 9.0-10"2 6.0-10"5 6.4^10"5 1 .M 0 + 1
5th p 1.5-10"4 0 2.6^10"6 2.8^10"2
ratio 589.7 - 24.9 390.2
Dicofol 95th p 1.3-10"1 5.8^10"6 3.1-10"8 1 .M 0 + 1
5th p 2.3-10"5 0 9.5^10"10 2.7^10"3
ratio 5732.4 - 32.4 4096.5
Endosulfan 95th p 5.4 6.7^10"3 4.2^10"4 3.7
5th p 3.4-10"3 0 1 .M 0 ' 4 4.8-10"3
ratio 1573.2 - 3.7 761.3
HBU 95th p 6.1-10"1 9.8^10"8 1.6^10"5 3.7
5th p 3.6-10"5 0 2.6^10"6 4.5^10"4
ratio 16932.4 - 6.2 8165.7
PBDE 95th p 3.1-10"2 9.8^10"7 3.8^10"5 3.7
5th p 3.6-10"5 0 9.3-10"7 3.2^10"3
ratio 866.5 - 41.1 1141.7
PCP 95th p 5.9-10"1 3.0-10"3 1.3^10"3 3.7
5th p 1.7-10"3 0 6.5^10"5 2.3^10"2
ratio 356.2 - 20.2 158.8
c) Water Water export flow out of region Sedimentation Volatilization Degradation
HCB 95th p 1.7-10"3 2.7^10"5 2.0^10"4 6.8-10"6
5th p 5.4■10"5 4.6^10"7 5.1^10"7 4.7^10"8
ratio 326.3 58.6 393.9 146.2
BaP 95th p 4.2-10"2 2.3^10"3 2.2^10"5 9.3^10"4
5th p 1.7^10"4 1.7^10"5 3.6^10"8 3.0^10"6
ratio 244.9 136.7 616.0 306.0
Dicofol 95th p 4.3^10"3 1.2^10"4 5.2-10"9 9.1^10"5
5th p 2.1^10"5 1 . M 0 ' 6 1.0^10-11 3.4^10"7
ratio 205.4 113.5 514.3 268.2
Endosulfan 95th p 5.9 2.0-10"3 2.1^10"4 6.6^10"3
5th p 1.3^10"2 3.8^10"5 2.4^10"6 1.9-10"4
ratio 448.0 52.4 86.8 35.7
HBU 95th p 4.4^10"4 3.9^10"7 1.7^10"5 6.7^10"7
5th p 7.8-10"7 1.3^10"8 1.4^10"7 1 . M 0 ' 8
ratio 564.0 29.2 119.8 61.9
PBDE 95th p 2.9^10"3 8.0^10"4 6.3^10"6 7.8^10"6
5th p 1.6^10"5 4.5^10"6 6.4-10"9 1.4^10"8
ratio 186.6 180.1 985.1 557.6
PCP 95th p 1.1 4.1-10"3 2.2^10"4 5.5^10"3
5th p 4.8^10"3 4.9^10"5 8.1^10"7 3.6^10"5
ratio 237.5 83.1 270.4 151.1
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3.2.3 Air
For the air compartment (Figure 3.1), the graph shows that, although the amount of spatial 
variation in chemical concentrations in Europe largely differs among the different com­
pounds, the spatial variation that is predicted by the adapted SimpleBox model is almost en­
tirely caused by the variability in the emissions. The total concentration variation as well as 
the concentration variation caused by emissions lies between 1 and 4 orders of magnitude, 
except for hexachlorobutadiene (HBU). E.g. for Endosulfan the emission variation is almost 
as large as the total spatial variation, i.e. a factor 6-10 . For Benzo[a]pyrene (BaP), the spatial 
variation due to emissions under average environmental conditions is even slightly higher 
than the total predicted spatial variation (under realistic environmental conditions). For this 
substance, in the regions of Europe with the more extreme environmental conditions, i.e. that 
cause the relatively high and low concentrations at unit emissions, less extreme emission in­
tensities are projected. This implies that the total concentration variation, caused by both 
emissions and the environment, is slightly smoothed due to the emissions. The relatively 
small concentration variation for HBU in Europe is caused by the relative homogeneity of the 
emission intensities (its ratio of the 95th and 5th percentile is a factor of 1.5). In all cases, the 
influence of environmental conditions is of minor importance for the spread in air concentra­
tions. The contribution of the spatial variability in environmental conditions on the spatial 
concentration variation is relatively constant among the substances, i.e. between factors of 1 
to 4. Several removal processes occur in the air compartment, the mass flows through degra­
dation and export being dominant, meaning that these flows contribute mostly to the predicted 
air concentrations. Wet and dry deposition flows to water are on average smaller than to soil 
due to the relatively small water area in most local regions. These transport flows do show the 
highest spatial variability, since some regions do exist with either very large or very small wa­
ter areas, however the effect on the air concentrations is relatively small in most regions due 
to the absolute intensity of these transport flows. BaP concentrations have the highest spatial 
variability. BaP is also the substance of selected seven with the highest degradation rate in air, 
and with the highest spatial variability in degradation mass flows. Due to this relatively short 
lifetime and relatively variable degradation flows, spatial differences in atmospheric residence 
times (export flows) have again the most significant effect on the atmospheric concentration 
differences for BaP. Relatively low air concentrations are apparent in regions with high export 
rates (i.e. mainly high wind speeds and also lower atmospheric mixing heights), whereas rela­
tively high air concentrations occur at low export rates. The effects of the spatial variability in 
air residence times on the air concentrations are up to two times higher for BaP than for 
longer living substances, since for the latter, export amounts are affected by their degradation 
rates to a lesser extent (see Table 3.3a).
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Figure 3 .1 .  Predicted total spatial concentration variation in the a ir  com p artm ent of the  
seven  POP com p ound s, and predicted spatial concentration variation due to em ission  
variability and due to environm ental variability. Total variation is the variation caused  by 
both em iss io ns  and environm ental conditions. Variations on the y-a x is  are exp ressed  as  
the ratios between the 95th and 5th percentile of the concentrations. Abbreviations of 
chem ical nam es are  explained in Table 3 .1 .
3.2.4 Soil
In the soil and water compartments, both the total concentration variation as well as the 
variation caused by the emission variability follow the same pattern as what was observed for 
the air compartment. However, the spatial variation in soil in Europe caused by the variability 
in environmental conditions (Figure 3.2) is predicted to be greater than in air: between a fac­
tor of 4 (for pentabromodiphenylether; PBDE) to 100 (for HBU). All other study compounds 
show a concentration variation due to the variability in environmental conditions between a 
factor of 6 to 70. The dominant chemical transport flows out of the soil compartment are deg­
radation and runoff to surface water, both showing also a high spatial variability in their flow 
rates between the different regions (see Table 3.3b).
Of all example compounds, PBDE is the one with the highest solids-water partitioning co­
efficient (Ksw) and a low air-water partition coefficient (Kaw) indicating that it is a relatively 
immobile substance. In the current case study of emission to the air compartment, spatial con­
centration differences of PBDE in soils are influenced predominantly by spatial differences in 
net dry and wet deposition intensities from air to soil, and relatively little by differences in 
advective (water-based) transport processes within and out of the soils (i.e. compared to dico- 
fol). The highest concentration variations in soils are predicted for the more mobile sub­
stances of the data set (with a relatively low Ksw, and high Kaw, e.g. HCB and HBU). For 
those substances, in this scenario of emissions to the air compartment, concentrations in soils 
are spatially differentiated due to spatial differences in water percolation and, particularly, 
runoff rates from soil (see Table 3.3b), resulting in a relatively high spatial concentration
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variation due to environmental conditions. Another phenomenon that was observed is the rela­
tively large inter-substance difference in the variability in degradation flows in soils over 
space. In the model, spatial variability in degradation rate constants is only influenced by 
temperature and by the chemical concentration in the soil, the former yielding a spatial vari­
ability in the degradation rate constants of only a factor of 4 between the coldest and warmest 
region of Europe. The remaining spatial variability in degradation flows is caused by strong 
spatial differences in the mass of chemical in the soils (i.e. the soil concentration). The spatial 
variability in degradation fluxes in soil is largest for the chemicals most persistent in air (HCB 
and HBU), which also show the highest spatial variability in net deposition flows to soils. For 
all studied substances the predicted concentration variation in soils caused by variability in the 
environmental conditions contributes significantly to the total predicted concentration varia­
tion, but in most cases examined here the emission variability had a greater influence on 
variation in predicted concentrations.
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Figure 3 .2 .  Predicted total spatial concentration variation in the soil com p artm ent of the  
seven  POP com p ound s, and predicted spatial concentration variation due to em ission  
variability and due to environm ental variability. Total variation is the variation caused  by 
both em iss io ns  and environm ental conditions. Variations on the y-a x is  are exp ressed  as  
the ratios between the 95th and 5th percentile of the concentrations. Abbreviations of 
chem ical nam es are  explained in Table 3 .1 .
3.2.5 Water
The spatial concentration variation caused by the variability in environmental conditions 
in freshwater (Figure 3.3) in Europe is predicted to be higher than in air, but generally lower 
than in soil. Inter-substance differences in the concentration variations due to environmental 
variability are relatively small in the water compartment compared to air and soil: they lie be­
tween a factor of 7 (for HBU) to 40-50 (e.g. for BaP and pentabromodiphenylether; PBDE). 
From Table 3.3c it can be shown that spatial differences in degradation and in water retention
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times, and thus in water export flows, are a major source of the spatial variation in fresh water 
concentrations.
The highest export rates out of water are predicted for HCB, endosulfan and HBU, whereas 
the lowest are modelled for PBDE. The differences among the chemicals are mainly caused 
by differences in the amount of substance present in the water due to runoff processes, i.e. the 
substances with the highest variability in runoff rates show the highest concentration variation 
in water, and thus the highest variability in exported chemical masses out of the water com­
partment. The highest total spatial concentration variation in water was predicted for PBDE, 
followed by BaP. For these substances, having the highest Ksw of all seven example com­
pounds, spatial differences in organic carbon contents of suspended matter cause relatively 
large spatial differences in the net sedimentation intensity of the substances.
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Figure 3 .3 .  Predicted total spatial concentration variation in the fresh w ater  com p artm ent  
of the seven  POP com p ound s, and predicted spatial concentration variation due to e m is ­
sion variability and due to environm ental variability. Total variation is the variation  
caused  by both em iss ions  and environm ental conditions. Variations on the y-a x is  are e x ­
pressed as  the ratios between the 95th and 5th percentile of the concentrations. A bbrev ia­
tions of chem ical n am es  are explained in Table 3 .1 .
3.3 Discussion
3.3.1 Emissions
In agreement with our calculations, there is general consensus that the variability in emis­
sion intensities strongly influences the variations in concentrations predicted with environ­
mental fate models. Although often highly uncertain, it has been shown that the influence of 
spatial distribution in the intensity of the emissions (typically amounting to several orders of 
magnitude) usually dominates the concentration variations over all other factors (Bennett et 
al., 1999; Sweetman et al., 2002; Pennington et al., 2005). For example, Hauck et al. (2008) 
concluded that neglecting spatial variation in emission intensities resulted in predicted con-
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centration ranges of BaP in Europe that were almost four orders of magnitude lower than 
when spatial emissions were taken into account. These findings indicate that for most sub­
stances, the availability of spatially explicit input data is a first requirement to apply a spa­
tially explicit model. When emission data are not available an option is to search for reliable 
estimation methods, depending on the use of a substance, e.g. based on similar substances 
used as surrogate, land use data or population densities (Prevedouros et al., 2004a; Pistocchi 
et al., 2010).
3.3.2 Environmental conditions
Chemical concentration variations due to the spatial variation in environmental conditions 
up to more than one order of magnitude have been predicted within different regions, e.g. 
California (McKone, 1993a; Hertwich et al., 1999), Canada (Webster et al., 2004), Southern 
Ontario (MacLeod et al., 2002), and regions of Europe (Berding and Matthies, 2002; 
Armitage et al., 2007). We indicated in a previous study that the amount of variation caused 
by environmental characteristics on regional/continental scales is one to two orders of magni­
tude, being highest in the soil and water compartments (Hollander et al., 2009). Hertwich et 
al. (1999) indicate that landscape parameters contribute 10% or less to the total variance when 
estimating potential doses of chemicals to humans. For fresh and sea water compartments, it 
was concluded that the most important factor affecting the spatial variation is the water reten­
tion time (Pennington et al., 2005; Armitage et al., 2007; Hauck et al., 2008). The fraction or­
ganic carbon (OC %; Hertwich et al., 1999), including black carbon (Hauck et al., 2007), was 
identified as a crucial factor determining the distribution of organic chemicals in soils. For 
typical ‘air-substances’ and scenarios with emissions to air, wind speed may dominantly in­
fluence the spatial variability in chemical concentrations (e.g. Maddalena et al., 2001).
3.3.3 Physical-chemical substance properties
In general, the way a chemical behaves in the environment strongly depends on its physi­
cal-chemical characteristics that determine the partitioning behaviour between environmental 
media, as well as on its degradability (Hertwich et al., 1999; Huijbregts et al., 2000; Mackay, 
2001). Spatially variable soil organic carbon contents only show a significant effect on the 
substances that are relatively persistent, have a high soil-water partitioning coefficient and a
3 -1small Henry’s law constant (Kh; typically Kh < 1 Pa.m .mol~ ; Pennington et al., (2005); Hol­
lander, (2008)), and thus a high octanol-air partition coefficient (Koa). For example, chemicals 
with a small Henry coefficient and high Kow will not be subject to significant volatilization to 
air and dispersive transport at a regional scale (Pennington et al., 2005), so local variations in 
conditions in the water and soil compartments will affect the concentration variation more 
strongly. Similarly, suspended matter variability in surface waters influence the variations in 
the partitioning of substances between dissolved and absorbed form, particularly for chemi­
cals with a high Ksw (Pistocchi, 2008a). In addition, as shown in this study, spatial variations 
in water runoff and percolation processes from soil will stronger affect substances that are 
mobile in soil, i.e. the substances with a low Ksw value. Which of the processes mentioned 
here is dominant in a certain situation depends on the combination of the chemical’s proper­
ties and the actual environmental circumstances.
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3.3.4 Environmental compartments
The extent of spatial differences in chemical concentrations depends on the emission com­
partment and the receptor compartment(s) that are being considered. It was noted by several 
authors that the way a chemical enters the environment influences its further environmental 
behaviour (e.g. Mackay et al., 1996; Cahill and Mackay, 2003; Webster et al., 2004). Due to 
the relatively rapid mixing of chemicals through the atmosphere, flattening of concentration 
gradients in space occurs after release of a substance to air. However, this also implies that if 
substances are emitted to air, differences in environmental conditions of the receptor com­
partments from place to place may become relatively important on the final spatial distribu­
tion and variation of chemicals. Soils are practically immobile media from which chemicals 
are only being transported by runoff and drainage flows and/or volatilization fluxes. This re­
sults in relatively large spatial concentration differences if chemicals are released to soil. Wa­
ter is more mobile than soil, but water flows, particularly fresh water flows, are often very 
site-specific, resulting in significant concentration differences of chemicals after release to the 
water compartment.
The receptor compartment of interest determines the extent of spatial variability in chemi­
cal concentrations in a similar way as the emission compartment, i.e. based on the same in­
trinsic characteristics of the different environmental media: relatively small concentration 
gradients occur in air when compared to soil and water. This is confirmed by measured con­
centrations throughout Europe that show that spatial differences in environmental conditions 
generally have the greatest effect on the concentration variation in the receptor compartments 
soil and water, whereas variations in air concentrations are smaller (Armitage et al., 2007; 
Hollander et al., 2007).
3.4 Implications
The model and the calculation method applied here, in which concentrations were calcu­
lated subsequently for the different regions of Europe was validated by Hauck et al. (2010). In 
our study, only organic substances that are relatively persistent were taken into account. This 
choice depended on the availability of European emission inventories, which usually repre­
sents the critical aspect when applying spatially explicit models. Moreover, only emission 
data were available for air emission scenarios, so the effects of spatial variability in emissions 
in cases where a substance is emitted to water or soil were not analyzed here. Despite these 
limitations, our results clearly show the importance of the spatial variability in emissions on 
the spatial variability in environmental concentrations predicted by multi-media fate models 
in all media. These findings are consistent with results presented by several other authors (e.g. 
Bennett et al., 1999; Pennington et al., 2005; Sweetman et al., 2005). This means that if no 
information is available on the spatial variation in emission intensities, one should carefully 
consider whether it is useful to apply a spatially-explicit modelling tool. However, it appears 
from the results of our modelling study that absence of strong spatial emission variability may 
result in concentrations that vary significantly in space as a result of variability in environ-
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mental conditions (up to two orders of magnitude), provided that the environmental fate is 
sensitive to these differences in environmental conditions.
From the literature, it can further be concluded that the influence of the variability in envi­
ronmental conditions are only considered to be relevant for evaluating the variation in envi­
ronmental concentrations of chemicals if i) emissions are distributed relatively homogene­
ously in space (which is most often the case for air emissions), ii) the studied compound(s) 
have a low Henry’s law constant (Kaw), high Kow (or in other words a high Koa), and iii) the 
receptor compartments of interest are soil and/or water. The model calculations performed 
here clearly confirm the influence of the heterogeneity in emission intensity over space, and 
the significant contribution of spatial environmental variability (typically one to two orders of 
magnitude, i.e. up to a factor of 50 for water and a factor 66 for soil) on the predicted concen­
tration variability of chemical substances in water and soil as receptor compartments. Con­
cerning the general idea of high spatial concentration variations being found for ‘high Koa- 
compounds’, it appears from the model calculations that if emissions occur to the air com­
partment, this statement definitely applies for air and water, but not for soil. In soils, if emis­
sions go to air, environmental conditions may affect the more mobile substances significantly, 
resulting in relatively high spatial concentration variations particularly for this group of com­
pounds.
Although the choice of a model for a certain study should be critically considered case by 
case, the present study provides general indications of the main sources of spatial variation in 
chemical concentrations, which simplifies the choice whether or not to apply a spatially ex­
plicit model in a specific situation.
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Abstract
We evaluated various modelling options fo r  estimating concentrations o f PCB-153 in the 
environment and in biota across Europe, using a nested multi-media fate model coupled with 
a bioaccumulation model. The most detailed model set up estimates concentrations in air, 
soil, fresh water sediment and fresh water biota with spatially explicit environmental charac­
teristics and spatially explicit emissions to air and water in the period 1930-2005. Model per­
formance was evaluated with the root mean square error (RMSElog), based on the difference 
between estimated and measured concentrations. The RMSElog was 3.6 fo r  air, 5.5-6.2 fo r  
sediment and biota, and 8.9 fo r  soil in the most detailed model scenario. Generally, model 
estimations tended to underestimate observed values fo r  all compartments, except air. The 
decline in observed concentrations was also slightly underestimated by the model fo r  the p e ­
riod where measurements were available (1989-2002). Applying a generic model setup with 
averaged emissions and averaged environmental characteristics, the RMSElog increased to 10 
fo r  air and 42-47fo r  sediment. For soil the RMSElog decreased to 3.5. We found that includ­
ing spatial variation in emissions was most relevant fo r  all compartments, except soil, while 
including spatial variation in environmental characteristics was less influential. For improv­
ing predictions o f concentrations in sediment and aquatic biota, including emissions to water 
was found to be relevant as well.
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4.1 Introduction
Persistent organic pollutants released into the environment can be transported to different 
regions and be accumulated in environmental compartments, including organisms. Internal 
concentrations in biota can be estimated from concentrations in abiotic compartments with 
food chain models, such as developed by Gobas et al. (1999), Thoman & Komlos (1999), 
Hendriks et al. (2001), and Czub & McLachlan (2004b). These models use a one- 
compartment first order kinetic approach and predict accumulation levels in biota on the basis 
of mechanistic modelling of uptake and elimination kinetics. If concentrations in abiotic com­
partments have not been measured, they can be estimated from emissions with multi-media 
fate models as described by Mackay et al. (1992a), McKone (1993b), Wania & Mackay 
(1999), US-EPA (2002) and Den Hollander et al. (2004). These models use a mass-balance 
approach to describe transport between various environmental compartments and estimate 
concentrations in these compartments based on emissions, degradation and physico-chemical 
properties and environmental characteristics.
Internal concentrations in organisms can be linked to emissions by coupling fate and bio­
accumulation models. These coupled models can improve ecological risk assessment because 
internal concentrations are expected to be a better indication for risk than environmental con­
centrations (MacLeod et al., 2001). Various authors showed that such coupled models can in­
deed be useful tools for screening level risk assessment (MacLeod et al., 2001; Arnot and 
Gobas, 2006; Arnot et al., 2006; Arnot and Mackay, 2008; Arnot et al., 2008). For evaluative 
purposes, these models applied standard environments and unit emissions. Mattila & Verta 
(2008) applied a spatially explicit coupled model with a realistic emissions scenario to the 
Baltic Sea. They explored the influence of adding new processes or compartments, such as 
sorption to black carbon, on estimated internal concentrations. Czub & McLachlan (2004b) 
used realistic time trends in emissions to estimate concentrations in the environment, includ­
ing fish, as input in their human intake model. No reports are known to us about how includ­
ing spatial and temporal variation in emissions and spatial variation in environmental condi­
tions affects predictions of internal concentration in a realistic emission scenario for Europe.
The aim of this paper was to investigate how including spatially explicit environmental 
characteristics, emissions to water, and spatial and temporal differentiation of emissions influ­
ence estimations of concentrations in air, soil, fresh water sediment and fresh water biota. 
PCB-153 was chosen as a model substance because of its multi-media and bioaccumulative 
behaviour, and because spatially and temporally resolved emission estimates and monitoring 
data were available for this substance. To assess model performance, the modelled concentra­
tions were compared to measurements. A nested box model based on SimpleBox (Den 
Hollander et al., 2004) was used to estimate environmental concentrations. The local scale in 
SimpleBox was re-parameterised to represent specific regions in Europe on a 100x100 km 
grid, following Hollander et al. (2007). A generic food chain based on the model OMEGA 
(Hendriks et al., 2001) was coupled to the nested box model to estimate internal concentra­
tions in freshwater biota. To compare the influence of including temporal and spatial variabil­
ity in emissions and spatial variability in environmental characteristics and emissions to wa­
ter, concentrations were calculated in 6 scenarios reflecting different levels of variation.
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4.2 Material & Methods
Model concept
Concentrations in the environmental and biotic compartments were estimated from emis­
sions using a nested multi-media modelling approach based on SimpleBox (Den Hollander et 
al., 2004) in combination with the bioaccumulation model OMEGA (Hendriks et al., 2001). 
Calculations were performed for grid cells of 100 km by 100 km (the ‘target cell’). This scale 
was chosen because spatially explicit emission data were available with a corresponding reso­
lution. For each cell, environmental parameters such as organic carbon content and tempera­
ture were set at a value taken from a dataset with realistic environmental property combina­
tions as done earlier for fate modelling purposes (Pistocchi and Pennington, 2006b; Hollander 
et al., 2008).
Hollander et al. (2007) showed that results of a nested box model, where values for the en­
vironmental conditions and emissions were re-parameterised consecutively for this target cells 
to represent different regions in Europe one by one, resemble results of a spatially explicit 
model for average concentrations and spatial patterns of PCB-153 in air and soil. They used a 
nested modelling approach with three spatial scales where the smallest scale represented a 
grid cell of 25 km by 25 km. Air concentrations in grid cells with low emission were overes­
timated in their study, because inflow from high emissions cells in the continental average had 
a large influence on the small cells with low emissions (Hollander et al., 2007). Preliminary 
calculations showed that air concentrations in grid cells with low emission of 100 km by 100 
km also tended to be overestimated when using three spatial scales. Therefore, in our study, 
the nested model contained a local, regional, supra-regional, continental scale and hemi­
spheric scale, with air, water, soil and sediment compartments.
Each of the target cells of 100 km by 100 km was surrounded by a regional scale of 300 
km by 300 km. Additionally, the regional scale was surrounded by a supra-regional scale of 
500 km by 500 km. Europe was parameterised as the sum of all local grid cells, covering an 
area of about 8.000.000 km . The model concept is visualized in the Supporting Information 
(Appendix C.1). In this study, spatial variation in estimated concentrations was a result of 
variation in environmental characteristics and emissions, whereas temporal variation in esti­
mated concentrations was a result of variation in emissions only.
A generic food chain consisting of fresh water molluscs and fish was added to the water 
compartment of the local scale. Dissolved fresh water concentrations modelled by the coupled 
fate model were used as input into the food chain calculations:
c _ kw,jn-Cw+kfijn-Cj_1 (4 1)
c i _  y k - ( 1 )L kout
Intake is represented as the product of external concentrations (concentration in water Cw 
and concentration in food Ci_i) with influx rate constants (kw,in for intake from water and kf,in 
for intake from food). Whereas fish take in substances from food and water, invertebrate only 
take in substances from water in the model. Internal concentrations (Ci) result from the differ­
ence between intake and elimination (kout), including excretion, egestion and growth dilution.
Rate constants for influx and efflux were predicted based on species-weight following al- 
lometric relationships. Additionally, these constants were considered inversely proportional to 
water and lipid layer resistances and flow delays that substances encounter (Hendriks et al.,
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2001). Details of the food chain calculations are described in the Supporting Information 
(Appendix C.2 and the bioaccumulation model is described in Appendix B).
Data
Emission data and environmental and chemical parameter values were required for our 
study. Environmental property combinations of the target cells were derived from a dataset on 
a 100 km by 100 km grid. Details about individual parameters were discussed in Pistocchi et 
al. (2006). More details on the spatially explicit environmental characteristics included in the 
analysis are shown in the Supporting Information (Appendix C.3). Environmental characteris­
tics of the regional and supra-regional scales were averages of the environmental characteris­
tics of the grid cells of 100 km by 100 km within them. Environmental conditions for the con­
tinental scale were averages of all local scales for reasons of simplicity.
Physico-chemical properties of PCB-153 are summarised in the Supporting Information 
(Appendix C.3). Emission estimates to air and water were derived for the years 1930-2005. 
Breivik et al. (2007) estimated yearly averaged global emissions of PCB153 to air on a 1° by 
1° grid, generally comparable to a 100 km by 100 km grid. They used a mass-balance ap­
proach to estimate emissions from production and consumption, including emissions during 
use, accidental releases and disposal of technical mixtures. Details of the methodology are 
given in Breivik et al. (2002a, b). To include uncertainty in emission estimates, Breivik et al. 
(2002a, b; 2007) developed a minimum, a default and a maximum scenario. Meijer et al. 
(2003) concluded that actual emissions are probably near or above the upper boundary given 
by Breivik et al. (2002b). Maximum and minimum ranges are similar to the values in Breivik 
et al. (2007) for the period considered. Therefore estimations were performed for the maxi­
mum emission scenario, in line with earlier PCB fate modelling studies (Wania and Daly, 
2002; Shatalov et al., 2006). Besides the emissions to air estimated by Breivik et al. (2007), 
direct emissions of PCBs to water may also be relevant for concentrations in water, sediment 
and aquatic biota (Nisbet and Sarofim, 1972; Annema et al., 1995; Gandrass, 2001). Leakage 
during use is considered a main PCB source to the aquatic environment (Nisbet and Sarofim, 
1972). Based on Annema et al. (1995), a ratio of 1: 2 was derived for emissions to air and to 
water due to leakage. This ratio was used to derive water emissions from air emissions due to 
leakage, as specified by Breivik et al. (2002a; 2007). This approach implies that we assumed 
emissions to water to follow temporal and spatial patterns of leakage emissions to air.
European air and water emissions were attributed to the target cells with GIS software us­
ing a ‘spatial join’ operation to the cells of 100 km by 100 km grid. The spatial distribution of 
emissions averaged over the years is shown in the Supporting Information (Appendix C.3). 
From these cell-specific emissions, the emissions to the surrounding scales were derived. No 
emissions on the Northern Hemisphere outside Europe were taken into account, because pre­
liminary modelling results (not shown) had indicated that their influence on concentrations in 
target cells was small.
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Empirical model evaluation
To compare modelled with measured concentrations, data on PCB-153 levels in the envi­
ronment and in biota were gathered (Chevreuil et al., 1995; Halsall et al., 1995; Hendriks, 
1995a; Oehme et al., 1995; Korhonen et al., 1997; Vartiainen et al., 1997; Hendriks et al., 
1998; Lee et al., 1998; EU-COMMPSdatabase, 1999; Fromme et al., 1999; Haugen et al., 
1999; Reinhold et al., 1999; Vigano et al., 2000; Dauberschmidt and Hoffmann, 2001; Binelli 
and Provini, 2003; Meijer et al., 2003; Belpaire and Goemans, 2004; Bervoets et al., 2005; 
Schmid et al., 2005; Antoniadou et al., 2007). The spatial distribution of sampling locations is 
shown in Figure 4.1. Measured concentrations were selected if information on congener, loca­
tion and year was available. Measurements were found for the period 1989-2004 (see Appen­
dix C.4). If several measurements in the same compartment were available for the same target 
cell in the same year, the geometric mean of these data was used.
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Figure 4 .1 .  Locations of m easured  concentrations of PC B-153  in air  (a ) ,  soil (b) ,  sed im ent  
(c ) ,  and biota (d). T riangles  in panel d indicate fish, c ircles indicate invertebrates.
Model performance was quantitatively evaluated by expressing the difference between 
modelled and observed concentrations in terms of the root mean square error of the log- 
transformed concentrations (Equation 4.2).
where RMSElog is the exponentiation with base 10 of the Root Mean Square Error of the 
log-transformed values, C0bs,i;j is the measured concentration in target cell i and year j, Cest;i,j is 
the estimated concentration in target cell i and year j  and n is the number of comparisons. The
RMSElog =  10 (4.2)
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RMSElog is a measure of accuracy of model predictions and summarises both random error 
and systematic bias. Additionally, as it is a dimensionless figure, the RMSElog is comparable 
between compartments. The RMSElog has been quantified for estimated concentrations in air, 
soil, fresh water sediment and biota.
In addition to calculating the RMSElog for all sets of modelled and measured concentra­
tions, modelled time trends were compared to observed time trends for those grid cells for 
which observations in at least five different years were available and for these five to 13 
years. Time trends were quantified by fitting regressions of the form ln(Ct/C0)=a-t, where t is 
in years after the first year of observation. Due to availability of measurement data, only years 
in the period 1991-2002 were included. Results were expressed as the slopes and the levels of 
significance (p) of the slopes. Slopes were compared to the similarly calculated time trends in 
the estimated concentrations. Additionally, regression lines of observed concentrations were 
visualised together with observed concentrations and estimated concentrations in the grid cell 
with the highest and the grid cell with the lowest estimated concentrations of those grid cells 
for which measurements over at least five years were available.
Scenario analysis
Effects of model improvements on predicted concentrations were evaluated by comparing 
a series of model setups. A model setup that included long-term spatially explicit emissions to 
air and water and spatially explicit environmental characteristics as described above was 
compared to a basic model setup without variability in emissions, without variability in envi­
ronmental characteristics and without emissions to water and to intermediate model setups in 
which the improvements were left out one at the time. Comparison of these setups shows 
whether the increased level of variation in the first setup improved estimated concentrations in 
air, soil, fresh water sediment and fresh water biota. The following scenarios were formulated:
1. the ‘explicit emissions and environment scenario’ with spatially and temporally explicit 
emissions to air and water and spatially explicit environmental characteristics;
2. the ‘uniform emissions and environment scenario’ with emissions to air averaged over 
space and equally distributed in space and averaged over time assuming steady-state condi­
tions, average environmental characteristics uniformly distributed in space, with no emis­
sions to water;
3. the ‘steady-state scenario’ with spatially explicit environmental characteristics and spa­
tially explicit but temporally averaged emissions to air and water, assuming steady-state 
conditions;
4. the ‘uniform environment’ scenario, with spatially and temporally explicit emissions to air 
and water, but average environmental characteristics uniformly distributed in space;
5. the ‘emissions to air only’ scenario, with spatially and temporally explicit emissions to air, 
and spatially explicit environmental characteristics, but no emissions to water.
6. the ‘uniform emission’ scenario, with spatially explicit environmental characteristics and 
temporally explicit but spatially averaged emissions to air and water uniformly distributed 
in space;
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Spatial averages were calculated from characteristics of all grid cells and long-term tempo­
rally averaged emissions were calculated over the period 1930-2005. Calculations with long­
term temporally averaged emissions (in scenario 1 and 4) were performed assuming steady 
state, whereas all other calculations were performed dynamically, with constant emissions per 
year and with mean concentrations per year as output. For each scenario the RMSElog was 
calculated as described above.
4.3 Results
Figure 4.2 shows estimated versus observed concentrations in air, soil, fresh water sedi­
ment and fresh water biota for the uniform emissions and environment and explicit emissions 
and environment scenarios. In the uniform emissions and environment scenario, estimated 
values are equal over cells and years and show little relation to observed values. In the soil 
compartment, estimated concentrations were mostly within a factor of 10 of estimated con­
centrations, whereas concentrations in air tend to be overestimated and concentrations in 
sediment and biota were systematically underestimated by two orders of magnitude. In the 
explicit emissions and environment scenario, estimated concentrations approached observed 
concentrations better, with exception of the soil compartment. For all compartments, except 
air, observed concentrations tended to be underestimated. Estimated versus observed concen­
trations for the other scenarios are shown in Supporting Information (Appendix C.5).
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Figure 4 .2 .  Estim ated concentrations v e rsu s  observed concentrations for air  [g/m 3], soil 
[kg/kg dry w eight],  fresh w ater  sed im ent [kg/kg dry weight] and fresh w ater  o rgan ism s  
[kg/kg lipid weight] (sq u ares  indicate invertebrates , d iam onds represent f ish), solid 
l in e :1 :1 ;  dashed line above the solid line: overestim ation by a factor of 10; dashed line 
below the 1 :1  line: underestim ation by a factor of 10. Panels a ) ,  c ) ,  e ) ,  and g) refer to 
the m inim um  scenario , panels b), d ),  f), h) refer to the m ax im um  scenario .
Figure 4.3 shows the development over time of estimated concentrations, together with the 
corresponding observed values, and regression lines for the observed values. Table 4.1 shows 
the slopes and the levels of significance of the slopes. Figure 4.3 and Table 4.1 indicate that in 
the period 1990-2003 concentrations in air and sediment declined. The same is true in two 
grid cells for fish. Table 4.1 shows a stronger decline in observed concentrations than in mod­
elled concentrations for air, for three grid cells in sediment, and for one grid cell in fish (a fac­
tor of 2-8 steeper slopes for observations). For fish, observed concentrations showed an in­
crease in three grid cells, whereas estimated concentrations decreased.
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Figure 4 .3 .  Modelled (solid curves)  and observed concentrations in a) air, b) fresh w ater  
sed im ent and c) fresh w ater  o rg an ism s and concentrations estim ated with regression  
from Tab le  4 .1  for observed concentrations (dashed  line). For est im ated concentrations,  
the target cells with the highest and lowest estim ated concentrations from the target  
cells for which m e a su re m e n ts  w ere availab le  are show n. Different sym bols  indicate ob­
servat ions  in different grid cells within one com partm ent.
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Tab le  4 .1 .  Regression  s lopes a (in y r -1) with corresponding p-va lues and regress ions of 
the form ln (Q / C 0) = a ■ t (w here  t in y e a rs  after  first y e a r  of observat ion) for the ob­
served  and modeled tim e trends. Concentration w ere in g-m-3 for air, kg-kg dry w e ig h t-1 
for sed im ent and kg-kg lipid w e ight-1 for fish.
10 
grid cell Compartment
observed 
a p of a
modelled
a* Years for which meas­urements were available
A air -0.48 0.001 -0.06 1996-2002
B air -0.17 0.003 -0.06 1995-2001
C air -0.17 <0.001 -0.07 1994-2002
D sediment -0.03 0.276 -0.03 1990, 1995-2000
E sediment -0.02 0.358 -0.02 1989,1991-2000
F sediment -0.11 0.053 -0.06 1994-2002
G sediment -0.02 0.689 -0.05 1992, 1995-2000, 2002
D fish 0.02 0.231 -0.06 1991,1993-2002
E fish -0.02 0.007 -0.05 1991,1993-2002
H fish -0.08 0.002 -0.07 1991,1993-2002
I fish 0.09 0.003 -0.07 1993-2001
G fish 0.11 0.001 -0.06 1993-1995,1997-2002
* All p-values for modelled slopes are smaller than 0.001, indicating that they deviate significantly 
from 0.
Table 4.2 shows the root mean square error of the log-transformed concentrations 
(RMSElog) for air, soil, sediment and biota for the uniform emissions and environment, the 
explicit emissions and environment, the steady-state, the uniform environment, the emissions 
to air only, and the uniform emission scenarios. RMSElog for the uniform emissions and envi­
ronment scenario ranged from 3.5 for soil to 49 for sediment. RMSElog for the explicit emis­
sions and environment scenario ranged from 5.4 for air to 6.3 for biota. RMSElog for assuming 
steady-state and using temporally averaged emissions led to a slight decrease in the RMSElog 
for soil, the RMSElog’s for air, sediment and aquatic biota slightly increased compared to the 
explicit emissions and environment scenario. RMSElog’s were slightly higher for the scenario 
with average environmental characteristics (within a factor of 2) compared to explicit emis­
sions and environment scenario. Figure C.4 in the Supporting Information shows that this in­
crease in RMSElog compared to the explicit emissions and environment scenario was due to an 
increased number of grid cells where concentrations in biota were underestimated. Taking 
into account emissions to air only, and no emissions to fresh water, resulted in a factor of 3-4 
higher RMSElog compared to the explicit emissions and environment scenario for sediment 
and aquatic biota. The scenario in which uniform distribution of emissions was assumed 
showed relatively high RMSElog’s, i.e. up to a factor of 9 higher than in the explicit emissions 
and environment scenario. In both, the ‘emissions to air only’ and the ‘uniform emission’ sce­
narios the increase in RMSElog in sediment and biota was due to an increased underestimation 
compared to the explicit emissions and environment scenario (Figures C.5 and C.6 in the Ap­
pendix). The RMSElog in soil, in contrast to other compartments, showed the lowest 
RMSElog’s in the uniform emissions scenario and the highest RMSElog in the explicit emis­
sions and environment scenario.
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Tab le  4 .2 .  Root m ean square  errors of log-transform ed concentrations in the 'explicit  
em iss io ns  and environm ent',  the 'uniform em iss ions  and environm ent', the 'steady-state ' ,  
the 'uniform environm ent',  the 'em iss ions  to a ir  only' and the 'uniform em iss ions'  s c e ­
nario for air, soil, fresh w ater  sed im ent and fresh w ater  biota.
Scenario air soil sed im ent biota
Unit of estim ated concentrations g/m 3 kg/kg dw kg/kg dw kg/kg lw
Explicit em iss ions  and environm ent 5 .4 5.5 5 .6 6.3
Uniform em iss io ns  and environm ent 21 3.5 49 48
Stea d y -sta te 6.1 4 .8 6 .8 7
Uniform environm ent 7 .4 5.3 7 .4 11
Em iss ions  to air  only 5.3 5.5 21 18
Uniform em iss ions 14 3.3 49 35
dw = dry weight; lw = lipid weight
4.4 Discussion
Explicit emissions and environment scenario
Monitoring data used in this study were not evenly distributed in time or space. For in­
stance, most measurements in fresh water sediment were concentrated in the higher industrial­
ized regions of Europe. As a consequence, they may not represent average conditions that are 
used in the model scenarios for the whole modelling area. Moreover, comparison with moni­
toring data at other locations or times, could lead to different conclusions.
A relatively large deviation between estimated and observed concentrations in soil has 
been shown in an earlier European evaluation study of fate models for different persistent or­
ganic pollutants and emissions to air only (Armitage et al., 2007). Concentrations measured in 
air were generally lower than estimated, whereas concentrations in soil, sediment and biota 
were often higher than predicted (Figure 4.3a vs. b-d). These results correspond with the find­
ings of Armitage et al. (2007) who showed that concentrations were also mainly underesti­
mated by the fate models in soil and sediment but not in air. Armitage et al. (2007) discuss 
possible reasons for this underestimation, such as quality and representativeness of monitor­
ing data, time-averaging environmental properties and neglecting sorption to black carbon, 
however, a single reason for this underestimation could not be found.
Several authors (Halsall et al., 1995; Haugen et al., 1999) reported that seasonal variation 
in PCB air concentrations can stretch up to a factor of 2 to 20. Since our calculations were 
performed using yearly averages of emission rates and environmental characteristics, produc­
ing average concentrations as well, this seasonal variation was not reflected in the modelled 
concentrations. As most observations in Figures 3a and 4a represent geometric means of 
measurements spread over the year, seasonal differences could explain few differences be­
tween observations at different locations.
A decreasing but ongoing decline in estimated air concentrations in the 1990s (Figure 4a) 
has also been found in another study in PCB-153 (Hollander et al., 2007). Modelled decline 
underestimated observed decline in air in our study. Observed decline, however, was slow, 
which is in agreement with Haugen et al. (1999) and others (Panshin and Hites, 1994) who 
concluded for different areas that no significant decline in PCB air concentrations in the early 
1990’s could be observed.
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A decline of PCB concentrations in sediment and fish has been reported by several authors 
up to the early 1990s (Beurskens et al., 1993; Hendriks and Pieters, 1993; Sanders et al., 
1994; 1998; Comber and Gardner, 1999; Tanabe et al., 2003), and later (Maes et al., 2008). 
These trends are also reflected in our results that showed a slight decline in observed and 
modelled concentrations in sediment and fish for most but not for all locations. However, de­
cline in modelled concentrations was slower than in observed concentrations for most cells in 
sediment. This might be due to an underestimation of decrease in emissions to water in our 
study. However, observed trends for fish are somewhat contradictory and significance of ob­
served trends in sediment is low, making it difficult to draw conclusions on model perform­
ance.
Uniform emissions and environment scenario
In the uniform emissions and environment scenario, estimated concentrations were equal, 
independent of time and space and show a relatively large deviation from measurements. For 
the soil compartment, however, the uniform emissions and environment scenario performed 
best of all scenarios. Armitage et al. (2007) found that a generic version of SimpleBox yielded 
about the same results for estimated concentrations in soil as three spatially explicit fate mod­
els. These similarities indicate that the current models, both box models and spatially explicit 
ones, are not able to capture the realistic spatial variation in soil concentrations within Europe. 
For all other compartments, concentrations estimated in the explicit emissions and environ­
ment scenario, showed more variation and better reflect observed values. It can be hypothe­
sized that in the uniform emissions and environment scenario, concentrations in air were 
overestimated in grid cells with low observed concentrations because of a lack of spatial dif­
ferentiation in emissions. As concentrations in air are closely related to emissions to air, a uni­
form emission rate will lead to an overestimation of emissions and air concentrations in grid 
cells were actual emissions are low. Neglecting emissions to water explains the large underes­
timation of concentrations in sediment and biota compared to the explicit emissions and envi­
ronment scenario (to be discussed later). Increase in model error due to leaving out different 
sources of variation, namely variation in time by year specific emissions and performing dy­
namic calculations, variation in space by spatially explicit environmental characteristics, 
variation in emission by including emissions to fresh water, and variation in space by spatially 
explicit emissions will be discussed below. It should be kept in mind, however, that model 
estimations could deviate from measurements for different reasons and variability in meas­
urements can also be caused by differences in sampling and analytical techniques between 
different studies.
Temporally explicit emissions
Using emissions averaged over the period 1930-2005 and assuming steady-state led to a 
RMSElog only slightly higher to the one for the explicit emissions and environment scenario, 
although emissions varied in time and it could be expected that neglecting this variation 
would lead to much higher RMSElog’s compared to the explicit emissions and environment 
scenario. However, model performance was assessed with monitoring data from a period 
when the largest variation in emissions already had occurred; therefore this variation was not
61
Chapter 4
longer reflected in monitoring data, leading to comparably small differences between esti­
mated and observed concentrations. Calculations by Sweetman et al. (2002) showed that the 
air-soil fugacity ratio for a PCB dropped from above 4 when emission were high to 1 (the 
steady-state ratio) and below about 10 years after maximum emissions, indicating that after 
emission reduction, error introduced by assuming steady-state conditions decreases. For soil, 
where concentrations were generally underestimated in the explicit emissions and environ­
ment scenario, RMSElog were smaller when uniform emissions were assumed compared to 
the explicit emissions and environment scenario, because time-averaged emissions were 
higher than emissions in the years of soil monitoring data, leading to less underestimation in 
the steady-state scenario.
Spatially explicit environmental characteristics
In the scenario with uniform environmental conditions, RSMElog was slightly larger than in 
the explicit emissions and environment scenario for particularly biota. This was due to an av­
eraging out of inflow and outflow rates of water to the target cell (and thereby equal water 
retention times in all grid cells). Concentrations in biota were calculated from dissolved con­
centrations in water equally for all locations. Spatial patterns of internal concentrations in bi­
ota therefore followed the spatial patterns of concentrations in water. In the scenario with uni­
form environmental conditions concentrations in biota tended to be underestimated more of­
ten than in the explicit emissions and environment scenario. In most of the grid cells with 
measurements in biota, cell-specific outflow rates were lower than the average outflow rate, 
leading to higher estimated concentrations compared to concentrations that are estimated us­
ing average outflow rates. Armitage et al. (2007), and Hauck et al. (2008) concluded that ne­
glecting spatial variability in characteristics of water bodies is a main source of model error. 
Retention time in water had been shown to be the most important factor affecting concentra­
tion estimates for water bodies (Pennington et al., 2005; Hollander et al., 2008) which are di­
rectly linked to concentrations in biota.
Emission compartment
The increased RMSElog for biota and sediment in the scenario with emissions to air only 
compared to the explicit emissions and environment scenario indicates that not taking into 
account direct emissions to water leads to an underestimation of concentrations in sediment 
and biota.
In our approach, emissions to water were estimated from emissions to air. This approach 
might not always be correct. For instance it neglects early or ongoing sources of PCB emis­
sions to water, such as from antifouling of ships (De Voogt and Brinkman, 1985) or from 
painted surfaces (Jartun et al., 2008, 2009). RMSElog was much smaller when spatially ex­
plicit emissions were taken into account (explicit emissions and environment scenario) than 
for uniformly distributed emissions to water or no emissions to water at all. Together, the re­
sults of these scenarios suggest that deriving spatial-explicit emissions to water from air emis­
sions due to leakage is a reasonable first approach for PCB153.
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Spatially explicit emissions
In the air, sediment and biota compartments, RMSElog was approached values of the uni­
form emissions and environment scenario, when emissions were evenly distributed in space. 
This demonstrates that ignoring spatial variation in emission intensities is the largest source of 
model error in this study. The difference to the explicit emissions and environment scenario 
was larger for sediment and biota, because air mixes more easily between locations, leading to 
a reduction of the differences in concentrations between locations. The importance of spatial 
differentiation of emissions has been highlighted by others (Prevedouros et al., 2004b; Breivik 
et al., 2006; Hauck et al., 2008). Larger RMSElog in the 'uniform emission' scenario compared 
to the 'uniform environment' scenario implies that for PCB-153 in Europe, spatial variation in 
emissions has a larger influence on the spatial variation in concentrations than the spatial 
variations in environmental characteristics.
For the soil compartment, RMSElog’s decreased in the scenario with uniform emissions 
compared to the explicit emissions and environment scenario. Average emissions are gener­
ally higher than grid-specific emissions in the grid cells for which measurements were avail­
able, leading to higher estimates of soil concentrations that were better in line with field con­
centrations in several grid cells.
4.5 Conclusions
We conclude that modelling environmental concentrations of PCB-153 can greatly benefit 
from accounting for spatial and temporal variation in emissions and environmental character­
istics. While regulatory decisions are often based largely upon steady-state non-spatial model 
calculations, our systematic comparison of modelling options demonstrates a number of sig­
nificant possible model improvements. Including spatially and temporally resolved emissions, 
emissions to water, spatially explicit environmental characteristics and calculating concentra­
tions dynamically, led to the best agreement with observed concentrations in the air, fresh wa­
ter sediment and fresh water biota. For the soil compartment, neither including temporal or 
spatial variability in emissions nor including spatial variability in environmental conditions 
improved estimations of concentrations compared to a more generic model set up.
Including spatially resolved emissions led to the largest improvement in model perform­
ance for estimating concentration in air, sediment and biota. Spatial variation in emissions had 
a larger influence on the spatial variation in concentrations than the spatial variations in envi­
ronmental characteristics. Including emissions to water also played an important role to im­
prove the concentration predictions in sediment and aquatic biota.
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Abstract
Model estimations o f bioaccumulation o f polycyclic aromatic hydrocarbons (PAHs) have 
been higher than fie ld  or laboratory data. This has been explained by to strong sorption to 
black carbon (BC). In this paper, eight previously published bioaccumulation datasets were 
reinterpreted in terms o f additional BC sorption. Biota-Solids Accumulation Factors (BSAFs) 
o f PAHs typically decreased by one to two orders o f magnitude and were better in line with 
fie ld  data in marine, fresh water and terrestrial ecosystems. Probabilistic BC-inclusive mod­
elling showed that if  BC content is not accurately known, uncertainty in BSAFs is two to three 
orders o f magnitude (90 percentile confidence interval) due to uncertainty in the BC sorption 
term. When BC contents are measured, the deviation between model estimations and field  
measurements reduces to about a factor o f 3. This implies that including routine measure­
ments o f BC contents is crucial in improving risk estimations o f PAHs.
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5.1 Introduction
Ecological risk assessment involves use of reliable models to estimate accumulation of 
hazardous substances in organisms. Concentrations of polycyclic aromatic hydrocarbons 
(PAHs) in biota derived from field-contaminated solids, however, are often substantially 
lower than estimations by bioaccumulation models using standard solids-water equilibrium 
partitioning (Maruya et al., 1997; Jager et al., 2003). Their low accumulation levels have been 
attributed to strong sorption of PAHs to black carbon (BC; i.e. soot and chars), kerogen and 
coal in the solids. This sorption to BC reduces availability of hydrophobic organic compounds 
as PAHs for partitioning to water (Maruya et al., 1997; Bucheli and Gustafsson, 2001; Jonker 
and Koelmans, 2002). Reduced uptake from solids containing BC has been shown in experi­
ments with marine invertebrates (Jonker et al., 2004; McLeod et al., 2004; Rust et al., 2004a; 
Vinturella et al., 2004) and fresh water invertebrates (Moermond et al., 2005). Field meas­
urements on marine and fresh water invertebrates confirmed the experimental observations 
(Lohmann et al., 2004; Moermond et al., 2005). Including sorption to BC into equilibrium 
partitioning, as suggested by Gustafsson et al. (1997) and Accardi-Dey & Gschwend (2003) 
results in lower predicted concentrations in biota (Vinturella et al., 2004; Cornelissen et al., 
2005; Moermond et al., 2005; Koelmans et al., 2006). However, BC-inclusive models do not 
predict all field data very accurately yet (Moermond et al., 2005; Koelmans et al., 2006). It 
can be hypothesized that especially uncertainties in sedimentary BC contents and in the PAH- 
BC association parameters may limit the accuracy of model predictions. Accordingly, it is 
crucial to quantify the relative importance of these two sources of uncertainty. This will in­
crease our understanding of which parameters contribute dominantly to variation in PAH con­
centration in biota.
The model OMEGA estimates bioaccumulation for species from four trophic levels and 
aquatic as well as terrestrial food chains (Hendriks and Heikens, 2001; Hendriks et al., 2001). 
It uses a one-compartment first order kinetic approach similar to earlier bioaccumulation 
models (Thomann et al., 1992; Gobas et al., 1999; Thomann and Komlos, 1999; Czub and 
McLachlan, 2004b). These models predict accumulation levels on the basis of modelling of 
uptake and elimination kinetics determined by advective flow, diffusion through water, pene­
tration through lipid membrane, each with an own resistance or delay.
The aim of this study is twofold: (i) to improve model estimations of PAH accumulation 
by incorporating BC in current state of the art food chain models like OMEGA and to com­
pare these estimations with field measurements; and (ii) to determine the range of variation in 
modelled bioaccumulation as a result of the newly included sorption term.
5.2 Methods
Model equations
The accumulation of neutral organic compounds in biota can be expressed as the ratio be­
tween the concentration in the organism (Ci) and the concentration in the abiotic compart­
ment. As most empirical data refer to total concentrations in sediment, suspended solids or 
soil (Cs) this ratio is calculated as the Biota-Solids-Accumulation Factor:
BSAF =  CiAf id (5.1)
Cs/f0C
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OMEGA calculates steady-state chemical residues in biota as the sum of influx via water 
(absorption) and uptake of food (assimilation) divided by the sum of elimination processes 
(Equation 5.2, Thomann et al., 1992; Gobas et al., 1999; Thomann and Komlos, 1999; Czub 
and McLachlan, 2004b). Symbols are explained in Table 5.1 and a more thorough description 
of OMEGA is given in the Supporting Information (Appendix B).
c _ kw,in^ C0,w+^ n,in^ Ci-l (5 2)
Ci =  k +k +k +k (5.2) kw,ex ^  kn,ex ^  kp ^  km
The concentration in the organism is determined by a species-specific combination of all 
routes of uptake and elimination described in Equation 5.2. The dissolved chemical fraction in 
water is available for uptake by biota. The concentration in water for a given concentration in 
solids depends on the solids-water-partition-coefficient (Ksw). In the traditional approach, par­
titioning between solids and (pore) water is assumed to be at equilibrium (DiToro et al., 
1991). As organic chemicals have a strong affinity for organic matter, sorption to solids is de­
termined by sorption to the organic carbon fraction (fOC). The Ksw can be expressed by using 
the octanol-water-partition coefficient (Kow) of a substance and an octanol equivalent fraction 
in the organic solids (flso) (Karickhoff et al., 1979)
Ksw =  foC • Koc =  f0C • fiso • Kow (5.3)
This partition coefficient describes the linear sorption of organic compounds to ‘amor­
phous’ organic carbon. The release of these compounds from this organic carbon type is con­
sidered to occur with typical half-lives of hours to days (fast desorbing PAH fraction related 
to BC-exclusive organic carbon). Besides this fraction, a ‘slow desorbing’ PAH fraction re­
lated to BC has release half-lives of years to decades (Cornelissen et al., 2005; Koelmans et 
al., 2006).
Adding a term for calculating the concentration of organic compounds adsorbed to BC in 
solids under equilibrium conditions (Gustafsson et al., 1997; Accardi-Dey and Gschwend, 
2002; Cornelissen et al., 2005; Koelmans et al., 2006) results in a new Ksw in OMEGA:
Ksw =  ^  =  foc • Koc +  fsc • Kf,Bc • CoWBC_1 (5.4)C0,w •
By adding this second term, the concentration dissolved in water (C0,w) is no longer line­
arly related to the concentration in solids (Cs).
Tab le  5 .1 . Explanation of sym bols.
Symbol Description Unit Source
BSAF
Cia
flipid
Cs
fOC
C0,w
kw,in
kn,in
Biota-Solids-Accumulation-
Factor
Concentration in biota of trophic 
level i
Lipid fraction in organism
Concentration in solids 
Black carbon exclusive organic 
carbon fraction of solids 
Concentration dissolved in water
Rate constant for absorption 
Rate constant for assimilation
^g-kg lipid weight / 
Mg k^g-1 organic carbon 
Mg k^g-1 wet weight
kg lipid weight / kg wet 
weight
^g-kg-1 total dry weight 
kg organic carbon / kg 
total dry weight 
Mg "l-1
l ■ kg-1 wet weight d-1
kg food / kg wet weight
d-1
Equation 5.1
Equation 5.2, see refer­
ences in Appendix D.2 
See Appendix D.2
See Appendix D.2 
Hendriks et al. (2001)e
= fTOC - fBC
Fitted according to Equation 
5.4, see Appendix D.4) 
Hendriks et al. (2001) 
Hendriks et al. (2001)
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Ci-1 Concentration in foodb ^g-kg-1 Hendriks et al. (2001); 
Equation 5.2
kls-w,ex Rate constant for excretion via 
water
kg-kg'1-d_1 Hendriks et al. (2001)
kls-n,ex Rate constant for egestion with 
faeces
kg-kg'1-d_1 Hendriks et al. (2001)
kP Rate constant for dilution of 
biomass
kg-kg'1-d_1 Hendriks et al. (2001)
km Rate constant for metabolic 
transformation
kg-kg'1-d_1 Hendriks et al. (2001)c
Ksw Solids-water-partition-coefficient l-kg'1 total dry weight Equation 5.3; Equation 5.4
KOC Coefficient for partitioning to 
organic carbon
l-kg'1 organic carbon = flso Kow
flso Octanol-equivalent fraction in 
organic carbon
Kg octanol equivalent / 
kg organic carbon
Hendriks et al. (2001)d
Kow Octanol-water partition coeffi­
cient
[-] Leo and Weininger (1989); 
Terrabase (1998)
fom Organic matter fraction kg organic matter / kg 
total dry weight
= 2 ■ fTOC for aquatic ecosys­
tems (EC, 2004)
= 1.7 ■ fTOC for terrestrial 
ecosystems (Traas, 2001) 
Hendriks et al. (2001); see 
Appendix D.2
fTOC Black carbon inclusive organic 
carbon fraction of solids
kg organic carbon / kg 
total dry weight
Hendriks et al. (2001); see 
Appendix D.2
fBC Black carbon fraction of solids kg BC / kg total dry 
weight
see Appendix D.2, Table 
5.2
C,B
£
Freundlich constant for sorption 
to black carbon
^g kg-1 BC / (^g l-1)n Table 5.2
nf,BC Freundlich coefficient for sorp­
tion to black carbon
[-] Table 5.2
a: for invebrates i = 2 in OMEGA; b: the food of invertebrates is assumed to be detritus/algae; c: 
km is not explicitly modeled in this study; d: in OMEGA a default value of 36% is included; e: in 
OMEGA a default value of 6%  for soil and of 8%  for suspended solids and sediments is included. 
These defaults agree reasonably with the datasets.
Data sources
Sampling locations, dates and variables measured are summarized in the Supporting in­
formation (Appendix D.2). More detailed descriptions of sampling locations and analytical 
methods can be found in the references cited there. For comparison with model results, con­
centrations measured in biota and solids were converted to i^g-kg"1 lipid weight and to i^g-kg"1 
organic carbon respectively.
Data on marine semi-field experiments were obtained from Vethaak et al. (1996). They 
measured the concentration of 13 PAHs in sediment, suspended solids and two herbi- 
detrivores (the lugworm Arenicola marina and the blue mussel Mytilus edulis) in large scale 
mesocosms using a relatively clean, an indirectly polluted and a directly polluted system. 
Field measurements on marine ecosystems were obtained from research programs in the 
Western Scheldt estuary carried out by National Institute for Coastal and Marine Management 
(RWS-RIKZ, Stronkhorst, 1988; Van den Heuvel-Greve et al., 2006). They cover measure­
ments in sediment as well as in suspended solids and in Arenicola marina, Cerastoderma ed­
ule and Nereis diversicolor. Chemical analyses were performed using validated and accred­
ited (ISO 17025) methods. Field measurements on fresh water systems were obtained from 
monitoring programs carried out by the Institute for Inland Water Management and Waste
69
Chapter 5
Water Treatment (RIZA) covering measurements in the mussel Dreissena polymorpha and 
suspended solids and in juvenile chironomids and sediment (Hendriks, 1995 a; Hendriks et al., 
1998; Reinhold et al., 1999). Terrestrial data were taken from Van Brummelen (1995), who 
measured concentrations of 8 PAHs in forest soil, and in earthworms.
Probabilistic modelling
A Monte Carlo simulation was carried out to assess the variation in BSAF estimations re­
lated to the BC sorption term (Equation 5.4). Each simulation consisted of 10,000 iterations. 
The model OMEGA was adapted to include the Monte Carlo simulation using Crystal Ball
7.1.2 (Decisioneering, Inc., 2005). According to Cornelissen et al. (2005) and Koelmans et al. 
(2006) the BC term in Equation 5.4 is dominant under typical environmental conditions and 
PAH concentrations of interest for risk assessment. A preliminary sensitivity analyses con­
firmed dominance of the BC term in the Ksw in BSAF estimation. Two sources of variation 
are distinguished: (i) variability and (ii) uncertainty (Morgan and Henrion, 1990). Variable 
parameters can be measured, but vary inherently in the environment, such as PAH concentra­
tions, organic carbon fractions and BC fractions in solids. Uncertainty refers to the fact that 
parameter values are not perfectly known, for instance due to the lack of data or uncertain 
measurements. In our analysis this refers to the Freundlich parameter nf,BC and the Kf,BC -  es­
timates from linear regression. Uncertainties due to measurement techniques are not taken 
into account.
Variability and uncertainty both contribute to the variation in modelled BSAFs. The total 
variation is quantified in a generic assessment to give a range of variation as comprehensive 
as possible. Table 5.2 summarizes the probability distributions for the input variables and the 
uncertain parameters for this generic assessment. For the concentrations in solids (Cs), prob­
ability distributions were fitted to the measured field data (Stronkhorst, 1988; Hendriks, 
1995a; Van Brummelen, 1995; Vethaak et al., 1996; Hendriks et al., 1998; Reinhold et al., 
1999; Van den Heuvel-Greve et al., 2006). These field data cover various Dutch environ­
mental conditions. Values for the black carbon fraction (fBC) were taken from the literature 
reviewed by Cornelissen et al. (2005), where values for the BC fraction were explicitly re­
ported or could be calculated (Supporting Information in Appendix D.4). Following Moer­
mond et al. (2005), Accardi-Dey et al. (2003), Cornelissen et al. (2005), Koelmans et al. 
(2006) and Lohman et al. (2005) the Freundlich parameter nf,BC was approximated by a trian­
gular distribution with extremes reported in the literature of about 0.5 -  0.9 and an average of 
0.7. The Kf, BC-Kow relation based on an empirical linear regression was taken from Koelmans 
et al. (2006). The uncertainty in the regression equation was included in the Monte Carlo 
simulation using statistics for linear regression analysis (Mendenhall and Beaver (1994); Sup­
porting Information in Appendix D.6).
To assess uncertainty only, a second Monte Carlo simulation was conducted for the dataset 
that included location specific BC values (Van den Heuvel-Greve et al., 2006). In this simula­
tion location specific data were used for the variables black carbon fraction (fBC), concentra­
tion in sediments (Cs) and lipid fraction and the distributions from Table 5.2 were used for the 
Freundlich parameters for sorption to BC (Kf,BC, nf,bc).
70
Chapter 5
In addition, an uncertainty importance analysis was performed to identify the parameters or 
variables that contribute most to variation in BSAF. This analysis consisted of a Monte Carlo 
simulation in combination with a Rank correlation (expressed as percentage of total variance).
Tab le  5 .2 . Characteris t ics  of the probability distributions used for the BC-sorption term in 
Equation 5.4 ._____________________________________________________________________________________________________________
Name Unit D istribu­
tion
Aquatic e co ­
sy s te m s
Terrestria l eco ­
sy s te m s
Origin Reference
Cs |jg-kg-1 Log- Median: 229 Median: 122 Variable Table  5 .2
total dry normal Coefficient of Coefficient of
weight variation : 2.5 variation : 1.4
fBC kg BC / Log- Median: 0 .002 Median: 0 .0 07 Variable References
kg total normal Coefficient of Coefficient of in Cornelis-
dry variation : 2.5 variation : 6 .3 sen et al.
weight (2 0 0 5 )
nf,BC T rian g u ­
lar
Most likely: 0 .7  
Minimum: 0.5  
M axim um : 0.9
Most likely: 0 .7  
M inimum: 0 .5  
M axim um : 0 .9
Uncertain literature3
C,BKf j g  kg-1 Non- D eg rees of D eg rees  of Uncertain Cornelissen
BC / (|jg central freedom : 11 freedom : 11 et al.
l-1)n t distribu­
tion
Standard  error  
= 0 .0 7  -  0 .1 6  
m ean :
l o g K BC =  O .7  • l O g K ow
Standard  error  
= 0 .07  -  0 .1 6  
m ean :
l o g K BC =  °.7  • l o g  K ow
(2 0 0 5 )
a: Moermond et al. (2005), Accardi-Dey et al. (2003), Cornelissen et al. (2005), Koelmans et al. 
(2006) and Lohman et al. (2005)
5.3 Results and discussion
Reduction in modelled BSAFs
The 5th-, 50th-, and 95th-percentiles of estimated BSAFs corrected with BC sorption are 
shown in Figure 5.1. For comparison, the BSAF calculated without BC correction is included 
as well. Typically, BSAF estimations for PAHs with BC are reduced by one order of magni­
tude compared to estimations without BC (Figure 5.1). However, the reduction of BSAFs 
ranges from half an order of magnitude for aquatic invertebrates up to four orders of magni­
tude for terrestrial invertebrates due to uncertainty in the BC sorption term (90 percentile con­
fidence interval). This difference in uncertainty between aquatic and terrestrial data can be 
explained by a larger uncertainty in the black carbon fraction (fBC) for terrestrial data (Table
5.2). The modelled typical BSAF reduction observed for the terrestrial data is larger than for 
the aquatic data, which can be explained by a systematically higher black carbon fraction (fBC) 
employed in the Monte Carlo simulation for soil compared to aquatic solids (Table 5.2). 
Koelmans et al. (2006) and Cornelissen et al. (2005) report reductions in BSAFs up to three 
orders of magnitude. These values are comparable to our modelled estimations. This range is 
comparable with the variation in measured organic carbon-water partition coefficients Koc- 
values reported by Hawthorne et al. (2006) and ascribed to differences in sediment character­
istics.
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Figure 5 .1 . OM EGA estim ation of Biota-Solids Accumulation Factors for PAHs —  using
Equation 5.3 a n d ------50th (thick l in e ) ,---------- 9 5 th, a n d ---------5th percentile va lues  using
Equation 5 .4  v e rsu s  Kow, com pared to a) Arenicola marina to sed im ent concentration ra­
tios (■ V eth aa k  et al. ( 1 9 9 6 ) ;  •  Stronkhorst  (1 9 8 8 ) )  b) Mytilus e d u lis-se d im e n t  co n cen ­
tration ratios (■ V e th a a k  et al. ( 1 9 9 6 ) ) ,  and Nereis diversicolor-sediment concentration  
ratios ( •  Stronkhorst (1 9 8 8 ) ) ,  c) Cerastoderma edu le-suspended  solids concentration ra­
tios (+ Van den H euve l-G reve  et al. (2 0 0 6 ))  and Nereis diversicolor - susp end ed  solids  
concentration ratios (o Stronkhorst (1 9 8 8 ) ) ,  d) Dreissena polymorpha-suspended  solids  
concentration ratios ( A  Hendriks (1 9 9 5 a ) ;  A Hendriks et al. (1 9 9 8 ))  and ju ven ile  Chi-
ba
dc
e
72
Chapter 5
ronomidae-sediment concentration ratios (♦ Reinhold et al. (1 9 9 9 ) ,  e) Lumbricus rubel- 
lus-soil concentration ratios; (Van Brum m elen  (1 9 9 5 ) )  including standard deviations of 
the m e asu re m e n ts  w here  available . Panel a -  c) show  m arine sp ec ies ,  panel f) show s  
fresh w a ter  sp ec ies  and panel e) terrestria l species.
Sensitivity analyses
The uncertainty importance analysis showed that the variation in the black carbon fraction 
(fBC) contributes dominantly to the variation in BSAFs of PAHs for the whole range of oc­
tanol-water partition coefficients (Kow). Table 5.3 shows an representative example for a Kow 
of 3.5-105. This implies that the variation in model estimations can be substantially reduced 
when measured fBC values are used. Others (Driscoll and McElroy, 1996; Maruya et al., 1997; 
Jonker and Koelmans, 2002) also observe an important influence of the BC content on bioac­
cumulation. Overestimation of solids-water partitioning might be attributed to competitive 
sorption by other organic compounds (Jonker and Koelmans, 2002; Cornelissen et al., 2005; 
Koelmans et al., 2006). The Kf,Bc’s in the regression analysis were derived from in-situ parti­
tioning data from different locations, which means that this attenuation effect is already ac­
counted for in the BSAF estimations and will not lead to additional overestimation or uncer­
tainty.
Tab le  5 .3 . Contribution to va r ian ce  in B SA F estimation for p aram eters  included in the
soot sorption term for a Kow of 3 .5 '1 0 °5.
Sed im ent / suspended solids Soil
B lack carbon fraction fBC 8 2 % 8 8 %
Freundlich nf,BC 8 % 9 %
Concentration in solids Cs 8 % 2 %
Freundlich Kf, BC 2 % 1%
Field BSAFs
Accumulation ratios for Dreissena polymorpha in the Rhine -  Meuse delta show levels 
similar to the data found for marine polychaetes and bivalves (Figure 5.1a-e). Accumulation 
levels for juvenile chironomids are lower (Figure 5.1e). This deviation is discussed by Rein­
hold et al. (1999), but no general explanation is given. BSAFs for the earthworm Lumbricus 
rubellus are slightly higher (Figure 5.1f) than for the aquatic data. Within the marine species 
the measured bioaccumulation in Arenicola marina (Figure 5.1a, b) reaches higher levels than 
in Cerastoderma edule, Mytilus edulis and Nereis diversicolor (Figure 5.1 c, d). Penry and 
Weston (Penry and Weston, 1998) mention feeding behaviour and digestive physiology to 
affect PAH bioaccumulation, which might explain these higher levels in sediment feeders. 
Others, however, report no such differences in bioaccumulation (Lu et al., 2006a).
Estimated BSAFs and field  data
The majority (93%) of the BSAFs of PAHs in Figure 5.1 are between 0.002 and 0.7, 
whereas OMEGA without BC correction estimates a BSAF of PAHs of about 3. The meas­
ured BSAFs lie within the range calculated in the Monte Carlo simulation with BC. However, 
95% of the field data lie below the 50th- percentile of estimations. Some substances are above
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the 50th-percentile line of model estimations for high Kow’s where model lines show a decline 
in BSAF that is not reflected in the field data. The variation in the field data, however, is high. 
No clear pattern can be observed in the differences between substances, this may be overlain 
by the difference between individual biota in the measurements. Within the group of PAHs 
partitioning to water is often observed to decrease with increasing molecular surface area and 
Kow (Jonker and Koelmans, 2002). Few substances in Figure 5.1, however, exceed a Kow of 
106 and bioaccumulation is expected to be reduced above this value (Thomann and Komlos, 
1999; Leppanen and Kukkonen, 2000).
The tendency for overestimation is in line with observations by Moermond et al. (2005), 
who, with BC contents comparable to the median in Table 5.2, found that their BC-inclusive 
model perfectly fitted polychlorinated biphenyl data but still overestimated BSAFs for PAHs 
by a factor of 3 to 9. They mention that part of the deviation could be attributable to metabolic 
transformation. Other factors could also lead to additional reduction in BSAFs or represent an 
alternative explanation as discussed below.
Metabolic transformation
Metabolic transformation of pyrene and benzo(a)pyrene has been reported for some inver­
tebrates, including for example for Nereis diversicolor (Magnusson et al., 2000; Christensen 
et al., 2002; Rust et al., 2004b; Jorgensen et al., 2005), but is considered to play a limited role 
in elimination kinetics of oligochaetes and bivalves (Varanasi et al., 1985; Livingstone, 1998; 
Van Hoof et al., 2001; Lu et al., 2004). As metabolic transformation is not explicitly modelled 
in this study, it might still have a lowering effect on the BC-exclusive BSAFs. Metabolic 
transformation leads to lower BSAFs, particularly for higher molecular weight substances 
(Sundelin et al., 2004). Van der Linde et al. (2001) estimate rates of metabolic transformation 
of PAHs by annelids around 1 d-1. Such a transformation rate would lead to a reduction of 
BSAFs between a factor of 2 (lower weight PAHs) and a factor of 200 (higher weight PAHs) 
as modelled using OMEGA. This doesn’t seem sufficient to explain the lower field data over 
the whole range of octanol-water partition coefficients (Kow’s).
Model assumptions
Concentrations in biota are calculated assuming steady state (Equation 5.2). Non-steady 
state situations might lead to an overestimation of BSAFs by the model as well. Steady state 
in aquatic invertebrates is reported to be reached after 4-20 days for compounds with Kow 
around 105 -  106 by several studies (Pruell et al., 1986; Christensen et al., 2002; Rust et al., 
2004b; Lu et al., 2006b). It is expected that field exposure exceeds this period. Hendriks 
(1995 a) and Reinhold (1999) show that field conditions can be described by steady state. Re­
sults are therefore not affected by the steady state assumption.
Another assumption is that the influence of other carbonaceous geosorbents, such as coal 
and kerogen, were not included in the uncertainty analysis. Cornelissen et al. (2006) showed 
that ignoring these sorbents into the Freundlich partitioning can lead to overestimations of the 
Kf,BC up to a factor of 5. However, in this case this will not yield significant bias because (a) 
kerogen and coal levels will be minor in comparison to BC, and (b) any systematic underes­
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timation due to ignoring kerogen or coal phases is counteracted by the overestimation in BC 
normalized Kf,Bc values from the sediments used in the regression analysis (Koelmans et al., 
2006).
Remaining uncertainty
Figure 5.2 compares BSAFs calculated with location-specific values for concentrations in 
solids (Cs), organic carbon fractions (foc), black carbon fractions (fBc) and lipid content 
measured by Van den Heuvel-Greve et al. (2006) to corresponding field BSAFs. These fBC 
values were measured with the CTO375 method (Gustafsson et al., 1997), which ascertains 
consistency with the BC sorption parameters provided by Koelmans et al. (2006) and applied 
in the present study, which were also derived from CTO375 based BC measurements. The 
variation in predicted BC-inclusive BSAFs (5th-, 50th-, and 95th-percentile lines in Figure 5.2) 
is entirely caused by uncertainty in the Freundlich parameters Kf,BC and nf,BC, as variability 
has been excluded by using location-specific measurements. These uncertainties, as assessed 
in this paper, can only be reduced by an improved estimation of the parameters, particularly 
the Freundlich coefficient. Figure 5.2 shows that the uncertainty is reduced to two orders of 
magnitude (the 90th-percentile confidence interval). The deviation between measured BSAFs 
and the 50th-percentile values of BC-inclusive modelled BSAFs is reduced to a factor 3 on 
average.
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Figure 5 .2 . Field A. m ar/na-sed im ent concentration ratios (+ )  and field C. edule (x)-  
susp ended  solids concentration ratios of PAHs v e rsu s  Kow (Van den H euve l-G reve  et a l.,
2 0 0 6 ) .  Lines represent t h e ------50th , ---------- 9 5 th, a n d ---------5th percentile va lues  of e s t i­
mated B SA Fs  including the uncertainty in the Freundlich p aram eters  for the sa m e  data.
Implications
It was found that including sorption of PAHs to BC in the estimation of BSAFs results in 
model estimations that are better in line with field measurements. This indicates that BC sorp­
tion should be included in future risk assessments of PAHs. However, the uncertainty in the 
modelled BSAFs due to the uncertainty in sorption to BC spans 1.5 (for known BC contents) 
to 3 orders of magnitude (90th percentile confidence interval), which shows that further re­
search is needed to better quantify reduced accumulation of PAHs. The BC fraction most
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strongly influences predicted BSAFs, implying that BC contents are particularly important in 
estimating bioaccumulation ratios and should be measured routinely, particularly as this does 
not involve substantial additional cost or difficulties.
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Abstract
We quantified the uncertainty due to biota-related parameters in estimated bioaccumula­
tion factors o f persistent organic pollutants fo r  fish via Monte Carlo simulations. For this 
purpose, the bioaccumulation model OMEGA was parameterised based on data from  the ex­
isting literature, analysis o f allometric data and Maximum Likelihood Estimation. Lipid con­
tents, fractions o f food assimilated, the allometric rate exponent, normalised food intakes, 
respiration and growth dilution rates, and partial mass transfer resistances in water and lipid 
layers were included as uncertain parameters. The uncertainty in partial resistances was par­
ticularly important in the estimation o f the rate constants fo r  chemical intake via water by 
fish. Uncertainties in the fractions o f food  assimilated and partial water layer resistances 
from  and to food were particularly important in the estimation o f the rate constants o f chemi­
cal intake via food. The uncertainty in the model outcomes fo r  the bioaccumulation factors fo r  
fish was a factor o f 10 (ratio o f 95th and 5th percentile estimates), which was mainly caused by 
the uncertainty in the lipid fraction. For chemicals with a Kow o f 103 to 106, the uncertainty in 
the lipid contents o f fish accounted fo r  more than 50% o f the uncertainty in the estimated 
BAF. For chemicals with a high Kow (10 and higher), the fractions o f food  assimilated and 
partial resistances also contributed to uncertainty in the estimated BAF (up to 60%). A case 
study showed that uncertainty in estimated BAF fo r  non-persistent substances can be domi­
nated by uncertainty in the rate constants fo r  metabolic transformation.
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6.1 Introduction
Bioaccumulation is often used as a hazard indicator in environmental risk assessment. Es­
timations by one-compartment mechanistic bioaccumulation models have been shown to be in 
reasonable agreement with measured bioaccumulation (Gobas et al., 1986; Czub and 
McLachlan, 2004b; Veltman et al., 2005). These models predict accumulation levels on the 
basis of first-order uptake and elimination kinetics, chemical partitioning and ideally meta­
bolic transformation. Rate constants describing uptake and elimination can be calculated 
based on measurements. Basing rate constants on measurements has the advantage of reduc­
ing the sources of model uncertainty and enabling more precise predictions to be made. How­
ever, an increasing number of risk assessment situations call for bioaccumulation estimates 
that are applicable to a wide range of species and substances. Instead of using measurements, 
rate constants can also be estimated based on the flows of water, air and food through the or­
ganisms. Models of these flows of water, air and food are parameterised by species-specific 
calibration (Gobas and Mackay, 1987; Gobas et al., 1993) or by allometric relations 
(Thomann, 1989; Thomann et al., 1992). Whereas reliance on allometric regressions has the 
advantage of making the model applicable to a wide range of species and substances, it also 
increases the uncertainty in the model by using parameters, such as diffusion resistances, that 
cannot always be measured but must be estimated, e.g., by fitting procedures. For example, 
the fitting of parameters can be done by weighted least squares so that the estimates match 
measurements (Franco-Uria et al., 2010). More sophisticated approaches, such as Markov 
Chain Monte Carlo simulations, Bayesian estimates or linear inverse modelling, have also 
been applied to parameterise bioaccumulation models (Lin et al., 2004; Watanabe et al., 2005; 
De Laender et al., 2010). These approaches combine parameterisation with uncertainty as­
sessment. Generally, these methods rely on case-specific measurement data, which often in­
creases the amount of input data needed (De Laender et al., 2010).
Uncertainties in species characteristics, substance characteristics and uptake rate constants 
have also been propagated to uncertainty in bioaccumulation estimates, mostly by Monte 
Carlo simulation, where the probability distributions were often derived from location- 
specific values and literature ranges (e.g. Linkov et al., 2001; Watanabe et al., 2005) or by 
default variation around the typical value (MacLeod et al., 2002; Nfon and Cousins, 2007; 
Ciavatta et al., 2009). Identifying the largest sources of uncertainty in bioaccumulation model­
ling further improves the model development by allowing researchers to focus on the most 
rewarding improvement options. Identification of the largest sources of uncertainty provides 
scientists with indications to direct further research. In addition, policy makers must decide 
how to deal with uncertainty; however, most current legislation does not require uncertainty 
to be explicitly addressed. Quantifying uncertainty provides policy makers with an indication 
of the order of magnitude of the uncertainty in model estimates. If the uncertainty in an esti­
mated Biota-Accumulation-Factor is known, then policy makers can take this into account, 
e.g., by taking a more or less conservative value. When they know the parameter from which 
the largest uncertainties arise, risk assessors can decide whether additional measurements are 
required to reduce the uncertainty.
Thus far, no study has investigated the uncertainty in rate constants that were derived from 
calibrating resistances and allometric relations with field data, taking into account the mutual
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dependence between parameters and their uncertainties. The aim of this research is to derive 
the biota-related parameter uncertainty in estimated Biota-Accumulation-Factor (BAFs) for 
fish by assessing the uncertainties in estimated rate constants and species properties and to 
determine which factors are dominant. Modelled BAFs and the variances therein were com­
pared to measured BAFs for a range of persistent organic substances. The model OMEGA 
(Optimal Modelling for EcotoxicoloGical Applications) was used for that purpose.
6.2 Methods
6.2.1 Model description
The accumulation of a neutral organic compound X in an organism is defined as the ratio 
between the concentration in the organism (CX,i) and the truly dissolved concentration in wa­
ter (C x ,0 ). The OMEGA model estimates accumulation in food chains (Hendriks and Heikens, 
2001; Hendriks et al., 2001; Veltman et al., 2005). The model is based on the same principles 
used in similar models (e.g Gobas et al., 1986; Czub and McLachlan, 2004b). In contrast to 
other models, in this model, the basic physiological flows, such as food intake, water absorp­
tion and production, are related to the size and trophic level of the species. In OMEGA, these 
physiological flows are calibrated on data sets covering a large number of species.
To assess the uncertainty in BAF estimations of persistent organic compounds for fish, this 
research focused on the third trophic levels in an aquatic food chain: primary carnivores. To 
calculate food intakes, the lower trophic levels, i.e., algae and invertebrates, are also included. 
OMEGA calculates steady-state chemical BAFs in biota as the sum of chemical influx via 
water (kx,in,w) and uptake from food (kx,in,f) divided by the sum of all elimination rates 
(Equation 6.1). Units and symbols are summarised in Table 6.1, and a more detailed descrip­
tion of the model is provided in the Supporting Information (Appendix B).
BAP _ CX,i _ kx,in,w^x,0+kx,in,fCx.food (6 1)
CX,0 (kx,out,w+kx,out,f+kx,out,p)-cx,0
where CX,food is the concentration of a substance in the food of the organism, kX,out,w is the 
rate of chemical elimination by excretion via water, kX,out,f is the rate of elimination by eges- 
tion for substances with faeces and kout,p is the rate of elimination by dilution of the substance 
concentration in the organism by biomass production. Rate constants for chemical influx rates 
kx,in,j are calculated according to Equation 6.2.
kx I _ ------- (m'/n;‘)~b , • - , (6.2), PH20+PCH2/K0W+l/aj r
where mi/m* is the mass of the organism relative to a reference mass of 1 kg, and the aj in­
dicate the mass transport coefficients, either for water aw or for food af. The influx of sub­
stances with water or food is modelled from three components. (1) Advective transport with 
food intake or water absorption is limited by the supply of new food or water, which is repre­
sented by the inverse of the transport coefficients aw for water and af for food. These physio­
logical flows through an organism scale with the relative mass of the organism (mi) with the 
allometric rate exponent b (Hendriks, 1999). The diffusion of a substance is limited by the 
mass transfer resistances (2) in water layers and (3) in lipid layers. Partial resistance for diffu­
sion through water layers (pH2O) is assumed to be independent of the substance and equal for 
all Kow. Two partial water layers resistances are distinguished: the resistance from and to wa-
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ter (pH2o,w), used to calculate substance intake rates via water (kx,in,w); and the resistance from 
and to food (ph2o ,f), used for calculation of substance intake from food (kx,in,f). The resistance 
for diffusion through lipid layers (p ch 2) scales with the octanol-water partition coefficient 
(Kow) of a substance. This resistance is encountered during the intake of the substance from 
water and food. The more hydrophobic a substance is, the less resistance it encounters when 
passing the lipid layer, which is reflected in the Kow in the denominator (Equation 6.2). In ad­
dition, the partial lipid layer resistance for permeation is higher in plants than in animals 
(Hendriks et al., 2001), probably reflecting the additional barrier of cell walls in plants
(PCH2,ü).
For food, a correction factor (1/r) is added for the part of the substance that is retained in 
the food, which is calculated according to Equation 6.3.
-  _  ----------------------- r -  (6.3)r l - pf pCH2,food^ (K0W- l) + l
where pf is the fraction of food assimilated, and pch2, food is the lipid fraction of the food. 
For water, the correction factor is not required, i.e., it is replaced by the value of 1 in Equation
The efflux rates of chemicals via water and faeces (kXout,w and kX,out,f) are calculated based 
on the same resistances and flows as the chemical influx rates but are multiplied by a factor 
that reflects the affinity of the substance for staying in the lipid tissue of an organism (Equa­
tion 6.4). This ratio can be interpreted as a partition coefficient between tissue and water.
where pcH2 is the lipid fraction of the organism. Substance elimination via dilution because 
of biomass production (kout,p) is calculated according to Equation 6.5:
6.2.
(6.4)
kout,p ap ‘ (m i/m  )
where ap is the transport coefficient for biomass production.
(6.5)
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Tab le  6 .1 . Description of the pa ram eters  used for bioaccumulation estim ation.
Sym bol Description Unit
Kow,X O ctano l/w ater partition coefficient of su b stan ce  X [-]
mi Sp ecies  w eight of organism  of trophic level i kg
*
m Reference m a ss  of 1 kg kg
pCH2 Lipid fraction of organism kg/kg
Pf Fraction of food ass im ilated  by fish kg/kg
pf,2 Fraction of food ass im ilated  by food of fish kg/kg
PCH2,0 Lipid layer resistance  for plants kg ■d ■kg-1
PCH2 Lipid layer resistance  for an im als kg ■d ■kg-1
Ph20,w W ater  layer resistance  to and from w ater kg ■d ■kg-1
PH2O,f W ater  layer resistance  to and from food kg ■d ■kg-1
b Rate exponent [-]
aw W ater  absorption -  excretion coefficient l- kg-1d
-1
af Food ingestion coefficient -gkk 1d-1
a p B iom ass  (re)production coefficient
-gkk 1d-1
kX,in,w Rate constant for absorption of su b stan ce  X from w ater l ■ kg-1 d-1
kX,in,f Rate constant for assim ilation of su b stan ce  X from food
-gkk 1d-1
kX,out,w Rate constant for elimination of su b stan ce  X via w ater
d-1
kX,out,f Rate constant for elimination of su b stan ce  X via faeces
d-1
kout,p Rate constant for dilution by b iom ass (re)production
d-1
kX,out
Total elimination rate constant of su b stan ce  X
(sum  of kx,out,w, kX,outf kout,p)
d-1
pX,f Fraction of su b stan ce  X ass im ilated  from food kg/kg
C x,ì Concentration of su b stan ce  X in organism  i kg/kg
C x,o Dissolved concentration of su b stan ce  X in w ater kg/l
C X,food Concentration of su b stan ce  X in food kg/kg
6.2.2 Model parameterisation
Generally, the parameter values were derived by comparing the estimated and observed 
rate constants and minimising the differences. Parameter fitting was done by Maximum Like­
lihood Estimation. We distinguished between rate constants for physiological processes and 
rate constants describing chemical uptake and elimination. Physiological rate constants were, 
for example, food intake, water absorption and excretion and production. Chemical rate con­
stants were, for example, chemical uptake from water (kX,in,w) or food (kX,in,f). Different data­
sets were chosen for each type of rate constant, and different parameters were derived from 
each type. Allometric data that relate the physiological flows to species size were used to de­
rive the transport coefficients directly (represented by aj in Equation 6.2). The values for the 
allometric rate exponents b were set to 0.25 in these regressions (Hendriks et al., 2001) and
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rate constants and mass were known. Transport coefficients can therefore be calculated using 
Equation 7.
The differences between the observed and estimated rate constants, as described in Equa­
tion 6.2 , were then minimised by changing the values for the partial resistances pcH2 and ph2o, 
filling in the values for the transport coefficients as derived from the physiological flows, the 
default values for the lipid fraction of the organism and its food, the fractions of food assimi­
lated and allometric rate exponent b (Table 6.2) and case specific values for species weight 
and Kow. Although the approaches for deriving transport coefficients aj and the partial resis­
tances pp are essentially identical, the parameters had to be fitted in two steps because of the 
mutual dependence of the values for the partial resistances pp and for the transport coefficients 
aj. This mutual dependence can for example be seen in Equation 2. Because of this mutual 
dependence of the parameters, three types of parameters were distinguished: the independent 
parameter ß, whose values could be determined without knowing the values for the transport 
coefficients aj and the partial resistances pp, the transport coefficients a, and the partial resis­
tances p.
(1) The independent parameters ß were determined using data from the literature. These 
are the lipid fractions of organism and its food, the fractions of food assimilated, and the rate 
exponent b. For these parameters, default values are typically applied in OMEGA. When de­
fault values are applied, the uncertainty in the mean of these parameters affects the uncer­
tainty in BAF estimates. To account for this fact, instead of case specific values, we used 
typical values and ranges based on data from the literature we already used for model parame- 
terisation as well as values from Hendriks (2007; Table 6.2). The lipid fractions of organism 
and food as well as the fractions of food assimilated affect the estimation of the partial resis­
tances p, described below, because they are used in the calculations of the chemical intake 
rate constants. Therefore, deriving values for the partial resistances from the chemical intake 
rate constants implies that the values of the lipid contents affect the values for the partial re­
sistances. Moreover, the allometric rate exponent b also affects the values and uncertainties of 
the transport coefficients a, described below, because it is used in the allometric relations 
from which the transport coefficients are derived. The rate exponent b was set to a value of 
0.25 (Hendriks et al., 2001, Table 6.2).
(2) The transport coefficients a were derived from allometric data (Hendriks, 1999; 
Hendriks et al., 2001, Appendix E.1). These coefficients are for the transport of water through 
the organism aw, for the transport of food through an organism af, and for the production of 
biomass ap. Values for the transport coefficients aj were derived by relating the measured 
physiological rate constants for biomass production, food intake and water absorption and ex­
cretion to the measured masses. Because these flows are not known to be limited by resis­
tances in water or membranes, the transport coefficients aj can be directly related to the rate 
constants kj and calculated as the coefficients of the regression. The values of these parame­
ters affect the estimation of the third type of parameter, the partial resistances pcH2 and pH2o, 
as described below.
(3) The partial resistances pp were derived by comparing the measured and estimated 
chemical rate constants and minimising the differences via Maximum Likelihood Estimation. 
Data for these chemical rate constants are included in the Supporting Information (Appendix
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E.4). These constants are the partial water layer resistances pH2o,w and pcH2o,f as well as the 
partial lipid layer resistances pcH2,0 and pcH2. Instead of the intake rate of a substance via food 
(kx,in,f), the fraction of the substances assimilated from food (px,f) is often measured and there­
fore used for calibration of the partial resistances. This substance fraction assimilated (px,f) 
can be calculated as the ratio between the rate constant for intake of the substance (kx,in,f) and 
the rate constant for intake of food (Equation 6.6):
_  Pf 1 1 (6 6)
PX,f (!.-pf>af PCH2,food^ (KOW-1) + 1 Ph9q f+PCH2+----------------- -,----- -^--
2 MH2°'f KOW PCH2,food-KOW-(l-Pf)-af
In addition to the sets of parameters described above, the calculation of the chemical intake 
and elimination rate constants requires the mass of the organism mi and the Kow value of the 
substance. These input variables are determined case-specifically and depend on the species 
and substance considered.
6.2.3 Uncertainty analysis
Independent parameters ß
The averages and variances for the lipid fractions, the fractions of food assimilated and the 
allometric rate exponent b were taken from the literature, as summarised in 6.2. Logit distri­
butions were selected for the fractions of food assimilated and the lipid fractions to ensure that 
the fractions were between 0 and 1, consistent with distributions for proportions (Maccullagh 
and Nelder, 1989). Viewing ß as a vector consisting of all (transformed) independent parame­
ters, namely the lipid fractions, the fractions of food assimilated, and the rate exponent b, the 
variances can be summarised in the variance-covariance matrix Eß. For the rate exponent b 
only, Eb actually represents a scalar, the variance in b.
Tab le  6 .2 . Means and coefficient of va r ian ce  (CV  = standard  deviation / m ean) of lipid 
fractions, fractions food assim ilated and the rate exponent.
Parameter de­
scription symbol Unit
Arithmetic
means
Coefficient 
of variation Distribution Source
Slope of allomet­
ric regression b [-] 0.25 0.11 Normal
Mean from Hendriks 
et al. (2001), CV from 
Hendriks (2007)
Fraction food Logit
assimilated tro- pf,2 [-] 0.64 0.26
phic level 2 Calculated from
Fraction food Schroeder (1981)a
assimilated tro- pf [-] 0.73 0.24 Logit
phic level 3
Lipid fraction 
trophic level 1 pCH2,1 [-] 0.01 1 Logit
Calculated from 
Hendriks (1995b),
Lipid fraction 
trophic level 2
Lipid fraction 
trophic level 3
pCH2,2
pCH2,3
[-]
[-]
0.03
0.05
1
1
Logit
Logit
Van der Linde et al. 
(2001), Hendriks et al 
(2001), Hendriks and 
Heikens (2001), and 
references thereinb
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Transport coefficients a
Allometric data to derive the transport coefficients for water absorption -  excretion aw, 
food intake af, and production ap - were collected from the literature to represent the three lev­
els of the aquatic food chain. As the calculation of the concentration in fish also depends on 
the concentration in the invertebrates that are considered as their food, rate constants for in­
vertebrates were also included. All data available for species classes were included to form 
one data set for each of the physiological flows, production, water absorption, and food inges­
tion. Where several rate constants per species were available, the geometric means were used. 
Data from different sources were weighted equally. In total, 178 pairs of masses and corre­
sponding rate constants for invertebrates, fish, amphibians and reptiles were included (Farlow, 
1976; Boddington et al., 1979; Banse and Mosher, 1980; cammen, 1980; Reading and 
Buikema, 1980; Peters and Downing, 1984; Reeders and Devaate, 1990; Downing and Plante, 
1993; Roditi et al., 1996; Azim et al., 2003; Shi and Wang, 2004a; Shi and Wang, 2004b; 
Zhang and Wang, 2007; Domingues et al., 2008; Kennedy et al., 2008). They are shown in 
Appendix E.1. From these allometric data, the mean values of the logarithms of the coeffi­
cients aj were calculated as
using a value of 0.25 for b (Hendriks et al., 2001, Table 6.2), and a, the standard error in 
the mean ln(aj), was calculated as
where n represents the number of data points in each allometric data set and kj represents 
any of the physiological flows, water absorption and excretion, food intake, and production. 
The standard error of the mean in ln(aj), calculated according to Equation 6.8, specifically re­
flects the uncertainty in ln(a¡) caused by the estimation of this coefficient from the allometric 
relations. Viewing a as a vector consisting of all ln(a¡), that is ln(aw) (coefficient for the trans­
port of water through the organism), ln(af) (coefficient for transport of food through an organ­
ism) and ln(ap) (the coefficient for production of biomass), the variances calculated in Equa­
tion 6.8 can be summarised in the variance-covariance matrix Ea. This matrix represents the 
uncertainty in a at constant b. The uncertainty in a due to the uncertainty in b can be derived 
by defining the random vector (Dba)Eb1/2Zb, where Dba is the derivate of a to b from the al­
lometric relation and Eb1/2Zb represents the random error in b. The uncertainty in a due to un­
certainty in b can then be calculated as the variance-covariance matrix of this vector:
The total variance in a due to the uncertainty in b and in a itself can then be calculated as 
the sum of the two variance-covariance matrices:
(6.7)
(6.8)
^a(b) =  (Dba )£b(Dbay (6.9)
^total.a ^a +  ^a(b) (6.10)
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Partial Resistances p
For substances with K,w values between 10 and 10 , previously published measured data 
on the chemical rate constants for intake via water (kx,in,w) by algae, invertebrates and fish and 
on the fractions of substance assimilated from food (px,f) by aquatic invertebrates and fish 
were selected from the literature (Hendriks, 1995b; Hendriks et al., 1998; van der Linde et al., 
2001 and references therein). These values were compared to calculated values for the rate 
constants of chemical intake via water and the fractions of substance assimilated from food to 
estimate the most likely values for the partial resistances pH2O,w, p H2O,f, pcH2,o and pcH2. For 
kx,in,wobs and px,fobs, the likelihood function L can be defined as
3 9
¿ (PH2Û,w , Pch2,o> Ph2o,í> Pch2 )
. -0.5 
U ;=1 ^ / T i e
ln(fex!in.w) ln(feXSin.w, -0.5
+ n ; = 1 -7 = = e
logit(pX'fS)-logit(pXSf,:)
2
(6.11); = 1
where nk is the number of observations for the chemical intake rate constant via water, np, 
the number of observations for the fraction of chemical assimilated from food (px,f), and g the 
error in the normal distribution. The normal distribution for the logarithm of the rate constant 
for chemical intake via water ln(kx,in,wobs) is characterised by the expected value ln(kx,in,west) 
and the standard deviation Gk. The fraction of the substance assimilated from food is described 
by a normal distribution of logit(px,fobs) with expected value logit(px,fest) and standard devia­
tion Gp. Values for the partial resistances pp were found by maximising the likelihood function 
L. The partial resistances are used in the calculations of the rate constants for chemical uptake 
from water (kx,in,w) and food (kx,in,f) for several trophic levels (Equations 6.2-6.4, 6.6). There­
fore all equations for partial resistances were solved simultaneously, otherwise it would have 
been required to fix some partial resistances at an arbitrary value. By deriving the cross­
derivates for every pair of parameters of the a-, ß- and p-groups, the Fisher Information ma­
trix (F) was found from the Maximum Likelihood Estimation. The inverse of the Fisher In­
formation matrix for pcH2,0, Pch2, Ph2o,w, and pH2o,f gives the variance-covariance matrix Ep, 
which represents the uncertainty in the pcH2,i, pcH2,2, pH2O,w and pcH2,2 resulting from the 
Maximum Likelihood Estimation with constants aj, b, lipid fractions and fractions of food as­
similated.
A total variance-covariance matrix was derived by adding the variance-covariance ma­
trixes reflecting the uncertainty in p and the uncertainty in p caused by the uncertainty in a 
and ß.
^total,p =  £p +  ^p(a) +  ^p(a,b) (6.12)
where Ep is the variance-covariance matrix of p as found from the Maximum Likelihood 
Estimation,
Ep(a) is the uncertainty in p caused by the uncertainty in a calculated as the variance- 
covariance matrix of the random vector (d ^ e^ z a ,
Zp(a) =  (DaP) ^a(DaP) ' (6.13)
and Ep(a,ß) is the uncertainty in p caused by the uncertainty in a and ß, calculated as the 
variance-covariance matrix of the random vector ((d  ap )(Db a )+ D ßp )Eß/ 2Z ß,
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^pa(b) =  ((D ap)(Dba) +  Dbp)^b((D ap)(Dba) +  Dbp )  (6.14)
Dap is the derivate of p to a from the maximum likelihood equation, Dßp is the derivate of 
p to ß, Ea1/2Za represents the random error in a (square root of the variance-covariance matrix 
E times a multivariate standard normal distribution Z) and Dba is the derivate of a to b from 
the allometric relation Eb1/2Zb represents the random error in b as in Equation 6.9. The ap­
proximations of Equations 6.9 and 6.15 are derived from a Taylor expansion of the uncertain­
ties in estimated parameters, where only the first order terms are kept. This yields a tractable 
application of Maximum Likelihood Estimation. The underlying assumption is that Ea, Eb and 
the product of their square roots are small compared to the first order terms. We consider this 
assumption justified because the variances are relatively small compared to the parameter 
values, making it unlikely that the contribution of the second and higher order terms would be 
larger than that of the first order term. From the total variance-covariance matrix, the correla­
tion matrix was calculated. The correlation matrix is given in the Supporting Information 
(Appendix E.2).
Probabilistic Simulations
Uncertainty in estimated BAF and rate constants for fish was simulated using Monte carlo 
analysis. Monte carlo simulations were performed with crystal Ball (Oracle, 2009) using 
Latin Hypercube Sampling. Each simulation consisted of 100,000 trials. 5th, 50th, and 95th 
percentiles of estimated BAF and rate constants for fish were generated as output. The most 
likely values, variances and correlations that were derived from the literature, the allometric 
data and the Maximum Likelihood Estimations were used as input for Monte carlo simula­
tions. For the lipid fractions, the fractions food of assimilated and the rate exponent b, the 
means, variances and distributions are described in Table 6.2. For the transport coefficients 
and partial resistances, log-normal distributions were used, consistent with the maximum like­
lihood method. Their means and values are given in Table 6.3.
An additional analysis was performed to identify the parameters that contribute most to 
variation in BAF. This analysis consisted of a Monte carlo simulation in combination with a 
Rank correlation (expressed as percentage of total variance). For this purpose, crystal Ball 
calculates the Spearman rank correlation coefficients between the output variable and each 
input variable. The squares of these correlation coefficients were summed, and the contribu­
tion of each input variable was derived by dividing its individual coefficient by this total sum. 
Multiplying these individual contributions by 100 yielded percentages representing the rela­
tive contributions of the input variables to the variance in the BAF or in the rate constant. The 
contribution to variance is a combination of the model’s sensitivity to a parameter and the un­
certainty range of the parameter.
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Tab le  6 .3 . M aximum Likelihood Estim ations (MLE) and 9 5 %  confidence interval (95p C I)  
ranges of res istan ces  and transport coefficients determ ined by Maximum Likelihood E s t i­
mation and used in the Monte Carlo  sim ulation , and v a lu es  and ranges of res istances  and 
transport coefficients from Hendriks et al. (2 0 0 1 ) ,  indicated by H01.
ValuesSymbol Description Unit MLE 95p CI (H01) 95p CI (H01)
Biomass
aP (re)production kg- kg"1-d"1- kgb 1.1-10"3 8.1-10"4-1.5-10"3 6-10"4 -
coefficient
Water absorp­
kg- kg"1-d"1- kgb 4.2-103 2.2-102-8.7-104aw tion -  excre­
tion coefficient
200 -
af
Food ingestion 
coefficient 
Partial water
kg- kg"1-d"1- kgb 3.0-10"2 2.2-10"2-4.1-10"2 5-10"3 -
pH2O,w
layer resis­
tance to and 
from water 
Partial water
d-kg 6.8-10"3 3.7-10"3-1.3-10"2 2.8-10"3 1.4-10"3-4.1-10"3
pH2O,f
layer resis­
tance to and 
from food 
Partial lipid
d-kg 2.0-10"4 3.6-10"5-1.1-10"2 1.1-10"5 0-3.9-10"5
layer resis­
7.8-103 5.0-102-1.2-105 4.6-103 1.3-103-7.8-103pCH2,0 tance, trophic d-kg
level 1 
(plants) 
Partial lipid 
layer resis­
pCH2 tance, trophic 
level 2 and 3 
(animals)
d-kg 97 32-298 68 30-110
6.2.4 Comparison between estimations and observations
Estimated BAFs were compared to observed BAFs for substances with Kow between 10 
and 10 in fish, as published earlier, and estimated and observed total elimination rates (kX,out) 
for fish were compared (Hendriks, 1995b; Hendriks et al., 2001; van der Linde et al., 2001 
and references therein; Veltman et al., 2005). Observed BAFs were recalculated to truly dis­
solved concentrations assuming equilibrium partitioning, using organic-carbon partitioning 
coefficients from EPISUITE (U.S.-Environmental-Protection-Agency, 2000) and organic car­
bon fractions as reported in (Hendriks, 1995b; Hendriks et al., 2001; van der Linde et al., 
2001 and references therein; Veltman et al., 2005). Estimates and observations were also 
compared for the rate constants for chemical intake from water kX,in,w and the fractions of sub­
stance assimilated from food pX,f (Appendix E.4).
6.3 Results
The estimated and observed rate constants of fish for chemical intake from water (kX,in,w), 
the fractions of substance assimilated from food (pX,f), and the total chemical elimination rate 
constants (kx,out) are shown in Figure 6.1. Figure 6.1 shows that about 90% of the estimates 
were within a factor of 10 of the measured values. More specifically, about 90% of the esti­
mates for the fraction of substance assimilated from food and total chemical elimination rate
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are within a factor of 3 of the measurements. For the chemical intake rate via water, about 
50% were within a factor of 3 of the measurements.
1 1 Px,in ,f,3 o b se rv ed  [-]
kx,in,w,3 o b se rv ed  [ l ' k g 'd ]
kXout o b se rv e d  [d-1]
Figure 6.1. Estimated versus observed rate constants for intake from water kX,¡n,w [L-kg- 
1-d-1] (a) fractions of substance assimilated from food pX,f [-] (b) and total elimination 
rate constant kX,out [d-1] (c) for fish. Solid lines indicate a one to one agreement between 
estimated and observed values, dashed lines a deviation of a factor of 10 between esti­
mated and observed values, and dotted lines a deviation of a factor of 3 between esti­
mated and observed values.
Figure 6.2 shows the calculated BAFs in comparison with measured BAFs for fish. The BAFs 
are given in ^g-kg-1 wet weight / ^g-l-1 (based on dissolved concentrations in water). Uncer­
tainty in the 50th percentile estimation represents the uncertainty in the BAF arising from the 
parameters taken into account in this study. Eighty percent of the observed BAFs were within 
the 5th and 95th percentile of the independent estimations. The ratio between the 95th and the 
5th percentile of estimations was about a factor of 8-40. The 50th percentile of the BAF esti­
mates increased with increasing Kow up to a Kow value of about 10 and then decreased with 
increasing Kow.
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K ow
Figure 6.2. Estimated (lines) and measured (circles) BAFs [ug-kg-1 wet weight / ug-l-1 dis­
solved] in fish versus Kow: solid line: 50th percentile of estimates, dashed lines: 90 per­
centile confidence interval of estimates.
Figure 6.3 shows the 5th, 50th and 95th percentiles of estimates of the rate constants for chemi­
cal intake via water (kXin,w), chemical intake via food (kX,in,f) and total chemical elimination 
(kXout) for a fish of 0.1 kg. The ratio between the 95th and the 5th percentile for the chemical 
intake from water is always below 10 and decreases slightly between Kow values of 10 and 
105. The ratio between the 95 th and the 5 th percentile for the chemical intake rate via food in­
creases from a factor of three at low Kow values up to about a factor of 50 for high Kow values. 
For the total chemical elimination rate constant, the ratio between the 95th and the 5th percen­
tile decreases with increasing Kow, from a factor of about 35 to a factor of about 5.
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Kow [-] Kow [-]
K ow  [-]
Figure 6.3. 50th (solids lines), 90 percentile confidence interval of estimates for chemical 
intake rate constants via water [L-kg-1-d-1] (a), chemical intake rate constants via food 
[kg-kg-1-d-1] (b) and total elimination rate constants [d-1] (c) for a fish of 0.1 kg.
The results of the contribution to variance analysis are shown in Table 6.4. The uncertainty 
in partial lipid layer resistance contributed the most to the variation in the rate constants for 
chemical intake via water (kX,in,w) for low Kow values (103-104); for higher Kow the partial wa­
ter layer resistances from and to water also contributed to the variation in the contributed the 
most to the variation. The uncertainty in the fraction of food assimilated contributed the most 
to the variation in the rate of chemical intake via food (kX,in,f) up to a Kow value of about 105; 
for higher Kow the water layer resistance from and to food also contributed to uncertainty in 
the rate of chemical intake via food. The highest variation in the total elimination rate con­
stant (kX,out) and the predicted BAFs was caused by the variation in lipid fractions; however, 
their influence decreased with increasing Kow. For the high Kow values, the partial resistances 
in the water layer to and from food also contributed to the uncertainty in the estimated total 
elimination rate constants. For the estimated BAFs, the fractions of food assimilated also con­
tributed to the uncertainty in the BAF for high Kow values.
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Table 6.4. Contribution to variance from the Monte Carlo simulation in estimated chemi­
cal intake rates via water (kX,in,w), chemical intake rates via food (kX,f,in,f), and total 
chemical elimination rate constants (k,Xout) for a fish of 0.1 kg and BAFs caused by dif­
ferent groups of parameters for six Kow values. Numbers printed in bold indicate a contri­
bution to variance of more than 60%.
Kow 103 104 105 106 107 108
a) kX,in,w pH2O,w 0.1% 9.4% 8 0 .4 % 8 9 .3 % 8 9 .5 % 8 9 .5 %
p H2O,f 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
pCH2 9 9 .8 % 8 8 .8 % 9.7% 0.1% 0.0% 0.0%
aw 0.0% 1.7% 9.9% 10.5% 10.5% 10.5%
b 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
b) kX,in,f pH2O,w 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
p H2O,f 0.0% 0.0% 1.5% 17.2% 51.6% 6 7 .6 %
PCH2 0.6% 0.5% 0.4% 0.2% 0.0% 0.0%
af 24.7% 24.3% 21.7% 12.8% 2.6% 0.2%
b 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
pCH2,2 0.1% 1.3% 2.9% 7.7% 13.4% 15.2%
Pf 7 4 .7 % 7 3 .8 % 7 3 .4 % 6 2 .1 % 32.4% 17.0%
c) kX,out Ph20,w 0.9% 3.4% 1.3% 0.1% 0.0% 0.0%
P H2O,f 0.0% 0.0% 0.0% 1.9% 23.3% 58.1%
pCH2 21.3% 9.3% 0.6% 0.0% 0.0% 0.0%
ap 0.0% 0.0% 0.0% 0.0% 0.6% 5.0%
af 0.0% 0.0% 0.1% 0.4% 0.4% 0.1%
aw 0.0% 0.2% 0.5% 0.2% 0.0% 0.0%
b 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
pCH2,3 7 8 .5 % 8 9 .2 % 9 2 .1 % 7 6 .6 % 5 5 .7 % 32.5%
pCH2,2 0.1% 0.3% 2.4% 14.2% 14.1% 3.0%
pf 0.0% 0.1% 0.8% 5.4% 5.8% 1.3%
d) BAF PH2O,w 0.0% 0.0% 0.1% 0.0% 1.3% 5.0%
P H2O,f 0.0% 0.0% 0.0% 0.4% 8.5% 34.7%
PCH2 0.0% 0.0% 0.0% 0.4% 0.4% 0.0%
pCH2,0 0.1% 0.0% 0.0% 0.0% 0.0% 0.0%
ap 0.0% 0.0% 0.0% 0.3% 1.8% 3.5%
af 0.0% 0.0% 0.1% 0.2% 0.2% 0.1%
aw 0.0% 0.0% 0.0% 0.0% 0.2% 0.7%
b 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
pCH2,3 9 9 .5 % 9 9 .1 % 9 4 .0 % 6 9 .4 % 35.4% 11.3%
pCH2,2 0.2% 0.4% 1.8% 1.4% 0.6% 4.7%
pCH2,1 0.0% 0.0% 0.0% 0.0% 2.4% 8.7%
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pf 0 .2 %  0 .5 %  3 .9 %  2 3 .8 %  3 6 .0 %  2 3 .7 %
pf,2 0 .0 %  0 .0 %  0 .1 %  4 .0 %  1 3 .1 %  7 .8 %
pCH2,i : Lipid fraction trophic level 1; pCH2,2:Lipid fraction trophic level 2; pCH2,3:Lipid fraction trophic 
level 3
6.4 Discussion
Parameterisation
Two aspects of model parameterisation are discussed: values for partial resistances and 
transport coefficients are compared to values found by Hendriks et al. (2001); and model pre­
dictions based on these parameters values are compared to measurements for (1) chemical in­
take rates via water (kXin,w), (2) fractions of substance assimilated from food (pX,f) (3) total 
chemical elimination rates (kXout) and (4) bioaccumulation factors for fish (BAF). The ob­
served rate constants and fractions of substance assimilated from food were a sub-selection of 
fish from the observed rate constants and fractions substance assimilated, which were used for 
estimating the partial resistances and included several trophic levels. They are compared to 
estimated chemical rate constants for fish in Figure 6.1 to show how the chemical rate con­
stants calculated from the fitted parameters approximate the observed rate constants.
The values of transport coefficients and partial resistances found by Hendriks et al. (2001) 
are included in the last two columns of Table 6.3 for comparison with the values from our 
model parameterisation. Our uncertainty ranges are generally larger than the ones found by 
Hendriks et al. (2001). All of our maximum likelihood estimates are comparable to or slightly 
higher than the higher values found by Hendriks et al. (2001), but only the values for the wa­
ter absorption-excretion coefficient aw and for the partial water layer resistance from food 
PH2O,f deviate by more than a factor of 10 (a factor of 21 and 18 respectively). Mostly, new 
data were gathered for the allometric relation for water absorption-excretion, whereas the 
other allometric data were also included in the parameterisation by Hendriks et al. (2001). 
One fast rate constant in our dataset explains the deviation in values for the transport coeffi­
cient aw (Table E.1).
The observed chemical intake rate constants via water (kX,in,w) deviate from the estimated 
rate constants by more than a factor of 10 for chlorodibenzo-p-dioxins, phenols, alcohol eth- 
oxylates, halobiocides, halophenols, phosphates, polycyclic heteroaromatic hydrocarbons and 
nitrogenbiocides. A deviation between the estimated and observed values by more than a fac­
tor of five was also observed by Hendriks et al. (2001) for chlorodibenzo-p-dioxins, poly­
cyclic heteroaromatic hydrocarbons and alcohol ethoxylates. They explained the deviation by 
the fact that for labile or large molecules, the measured uptake would be less than estimated 
by the model. Labile substances could be ionized or metabolised which would lead to an ap­
parent lower observed chemical intake rate via water. Both processes are currently not in­
cluded in the model. Overestimation of bioavailability could also play a role, but is considered 
less relevant in the current study because BAFs are compared based on dissolved concentra­
tions.
The fractions of substances assimilated from food (pX,f) were overestimated by more than a 
factor of 10 for a few substances from the groups halobenzenes, chlorodibenzo-p-furans and 
halobiphenyls. This overestimation could be related to an underestimation of permeation re­
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sistances for large molecules, an overestimation of the food intake or disregard of metabolic 
transformation of chemicals in the organism (e.g. Opperhuizen et al., 1985; van der Linde et 
al., 2001).
The majority (60%) of the estimated total chemical elimination rates (kX,out) in Figure 6.1c 
that deviate more than a factor of 10 from the observed elimination rates are lower than the 
observed values. The underestimation of observed total chemical elimination rate constants is 
generally explained by metabolic transformation in the organism (Hendriks et al., 2001; Arnot 
et al., 2008). Hendriks et al. (2001) report possible metabolic transformation for polycyclic 
heteroaromatic hydrocarbons, phosphorbiocides, phenols, nitrogenbiocides, halobiphenyls, 
halobiocides, haloaliphatic hydrocarbons, chlorodibenzo-p-furans, chlorodibenzo-p-dioxins, 
and alcohol ethoxylates. The elimination of these substances is underestimated in Figure 6.1. 
These substances partly overlap with the substances for which the measured uptake rates were 
lower than the estimated rates. This finding suggests a common mechanism, such as a fast 
metabolism, that leads to deviation between observations and estimations.
The decrease in BAF for chemicals with Kow higher than 106-107 (Figure 6.2) is expected 
from model predictions (Thomann et al., 1992), as chemical uptake and elimination rates gen­
erally decrease with increasing Kow, with the exception of concentration dilution via produc­
tion of biomass (kout,p). This decrease in rate constants leads to a constant minimum elimina­
tion that is independent of the substance, therefore leading to an overall decrease in BAF at 
Kow values of 106-107. Because all BAF-measurements in Figure 6.2 are for chemicals with 
Kow values lower than 10 , the predicted decrease in BAF in the high Kow range could not be 
validated by measurements.
Uncertainty ranges
Model applications generally distinguish different types of uncertainty: scenario uncer­
tainty, model uncertainty and parameter uncertainty (Morgan and Henrion, 1990). Of these 
types of uncertainties the biota-related parameter uncertainty in calculating BAF for fish was 
assessed in this study. As metabolic transformation is not generally considered in the model, 
uncertainty in metabolism was not taken into account. The findings are therefore primarily 
applicable for persistent organic chemicals. Additionally, BAFs were expressed on dissolved 
concentrations. Keeping these limitations in mind, our results can be compared to results from 
other studies dealing with uncertainty in BAF estimates.
Watanabe et al. (2005) adjusted rate constants from the literature based on concentration 
measurements using Markov Chain Monte Carlo simulation. They report uncertainty in the 
rate constants of about one to two orders of magnitude (95th and 5th percentile range), which 
is comparable to our uncertainty ratios. For higher Kow 90% confidence interval lines are not 
parallel anymore (Figure 6.3c). The uncertainty in the total chemical elimination rate con­
stants (kX,out) is composed of the uncertainty in elimination via water (kXout,w), faeces (kX,out,f) 
and dilution by production of biomass (kout,p). The production of biomass represents a lower 
bound of the total elimination rate constant, because calculated reduction of chemical concen­
tration will be at this level if rate constants of elimination decrease. With increasing Kow val­
ues, the rates of elimination via water and faeces decrease, whereas the dilution in biomass is 
independent of Kow. Therefore, for Kow values of about 106, the 5 th percentile is about the
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same as the concentration dilution via production of biomass and does not decrease any fur­
ther, whereas in the larger total elimination rates elimination via water and faeces still play a 
role, leading to decreases in the 50th and 95th percentile of the total elimination rate constant 
and hence to uncertainty lines that are no longer parallel any more. Burkhard (1998) assessed 
the uncertainty in BAF estimates arising mainly from Kow, lipid fractions, species weight and 
food preferences. The reported uncertainty is four times smaller than our uncertainty estimate, 
which is probably due to a 20 times smaller coefficient of variation for lipid fractions than 
ours in Table 6.2. De Laender et al. (2010) included chemical parameter uncertainty in their 
analysis, but included lower variation in lipid contents for fish than in the present study. Their 
reported ratio of the 90th and 10th percentiles for internal concentrations was between 10 and 
30, which was largely caused by uncertainty in Kow, and is comparable to our results.
Other authors also report the relevance of uncertainty in Kow for uncertainty ranges of 
BAFs (Nfon and Cousins, 2007; Ciavatta et al., 2009; Ng and Gray, 2009; De Laender et al., 
2010). We considered Kow, a case specific input parameter that had no influence on model 
parameterisation. However, the total uncertainty in BAF estimations will be higher than the 
ranges given in this study. As an example, we performed additional calculations for 
Benzo[a]anthracene, for which the details are given in the Supporting Information (Appendix 
E.5). Including the uncertainty in BAF estimations due to the uncertainty in the Kow value of 
Benzo[a]anthracene, as derived from Mackay et al. (1992b), led to an increase in the 95th and 
5th percentile ratio of about a factor of 3.
Several authors also report that bioaccumulation in fish might depend on metabolic trans­
formation (e.g. Burkhard, 2003; Moermond et al., 2007). The uncertainty ranges for non­
persistent substances could therefore be different than assessed in the current study without 
metabolic transformation. We investigated this effect by including metabolic transformation 
rates for Benzo[a]anthracene in fish and invertebrates as reported by Moermond et al. (2007), 
taking uncertainty factors from Arnot et al. (2008) for the case of the measured total elimina­
tion rate constants (see Table E.13). The uncertainty in estimated BAFs decreases with a fac­
tor of 5 when the uncertainty in metabolic transformation is included, whereas the estimated 
BAFs decrease by about a factor of 185. The estimated uncertainty decreases because meta­
bolic transformation becomes the dominant route of elimination (up to 97%) and the uncer­
tainty in the rate constant for metabolic transformation is in this case smaller than the uncer­
tainty in the other parameters. These results indicate that for chemicals subject to metabolic 
transformation, the uncertainty in metabolic transformation rates is dominant for the uncer­
tainty in BAF estimations and uncertainty in BAF estimations can therefore best be reduced 
by reducing uncertainty in metabolic transformation.
Species weight and external concentration dissolved in water were assumed to be known in 
our study. Although several authors (Linkov et al., 2001; Hauck et al., 2007; Nfon and 
Cousins, 2007) reported the (potential) contribution of the uncertainty in dissolved concentra­
tions to the uncertainty in internal concentrations, uncertainties in external concentrations are 
not expected to cause errors in BAF estimates, because the BAFs were expressed in terms of 
dissolved concentrations in this study. The uncertainties in species weight cancel out in the 
calculation of the BAF. Burkhard (1998) showed that varying organism weights indeed had 
little influence on the uncertainty ranges in the BAFs of fish.
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Contribution to variance
It can be concluded from Table 6.4 that the uncertainty in the lipid contents and fractions 
of food assimilated have larger effects on the uncertainty in the estimated BAF and total 
chemical elimination rate constants than the uncertainties arising from transport coefficients 
and partial resistances. This result is in line with the findings of De Laender et al. (2010). For 
chemical intake rates in water, the partial resistances play a role, as they are independent of 
lipid contents of fish or prey and food assimilation. The calculation of the rate constants for 
chemical intake via water does not depend on the lipid fractions of fish or prey or the fractions 
of food assimilated. In calculating the variation in this rate constant, the variation in partial 
resistances p, that is, the water layer resistance to and from water and the lipid layer resistance 
in the organism had the greatest impact. The variation in estimated rate constants for chemical 
intake via water decreases with increasing Kow because the lipid layer resistance decreases. A 
shift in the importance from the lipid layer resistance to the water layer resistance from a Kow 
of about 105 has been observed by others (McKim et al., 1985; Gobas et al., 1986; Sijm and 
Vanderlinde, 1995; Sijm et al., 1995).
The large contribution of the variance in lipid content of fish to the variance in estimated 
BAF is consistent with literature (e.g. Mackay, 1982; Nfon and Cousins, 2007; Ciavatta et al., 
2009) and indicates that estimation of BAFs in fish can be improved by including case- 
specific lipid contents when available. The large influence of the variance in lipid content is 
not surprising, given the success of fish bioaccumulation models that use Kow and lipid con­
tent as the only parameters (e.g. Mackay, 1982). Our study demonstrates that this large influ­
ence of the lipid content holds true even after considering various other descriptors to predict 
BAF. The influence of the uncertainty in lipid fraction of fish on the total uncertainty for the 
estimation of the BAF for fish can be understood from the fact that this lipid fraction is used 
in the calculation of the affinity ratio (Equation 6.4). The affinity ratio, which is approxi­
mately equal to 1/(pcH2'Kow) for hydrophobic substances, was only used for calculation of the 
elimination rate constants, whereas all other parameters were used in calculation of chemical 
intake and elimination rates and therefore cancelled out in the calculation of the BAF. The 
variation in the estimated total chemical elimination rate constants was also largely caused by 
the variation in lipid contents of fish because of the retention ratios. Next to the affinity ratio, 
the correction factor for intake from food (1/r, Equation 6.3) decreases with increasing Kow. 
With increasing Kow values, the influence of the chemical elimination rate via water (kX,out,w) 
decreases while the influence of the variation in food assimilated on the uncertainty in the 
BAF estimation increases. A shift in the importance of chemical intake and elimination routes 
from water to food with increasing Kow has been observed earlier (e.g. Thomann et al., 1992; 
Nfon and Cousins, 2007; Ciavatta et al., 2009).
The results of our research imply that assuming no metabolic transformation and BAFs 
calculated using truly dissolved water concentration, the largest ecological parameter uncer­
tainty is caused by the uncertainty in the lipid contents of the fish, up to a Kow of about 106. 
For higher Kow values, the contributions of the uncertainty in the fraction of food assimilated 
and the uncertainty of the water and partial lipid layer resistances to the uncertainty in the es­
timated BAF increases. Without measured lipid contents, the uncertainty in the estimated
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BAFs is of about an order of magnitude (95 percentile / 5 percentile ratio). A case study on 
Benzo[a]anthracene, however, showed that the uncertainty arising from this parameter might 
for non-persistent pollutants be overshadowed by the uncertainty in metabolic transformation 
rates. The results imply that species specific information on lipid content is important for the 
reliable estimation of accumulation of persistent organic pollutants and subsequent risk of 
chemicals in fish. They also imply that the uncertainty arising from the case-specific but often 
unknown biota-related parameters contributes more to the overall uncertainty of the BAFs of 
persistent organic pollutants than the uncertainty arising from the parameters that were cali­
brated during model development (transport coefficients and resistances).
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7
General Discussion and Synthesis

Chapter 7
7.1 Sources of uncertainty
The aim of this PhD thesis was to quantify various sources of uncertainty in modelling fate 
and bioaccumulation of organic pollutants. Several sources of uncertainty in environmental 
and internal concentrations have been assessed in the previous chapters, namely: (1) inter­
model differences, (2) neglect of sorption to black carbon (BC), (3) parameter uncertainty, (4) 
neglect of an emission compartment, (5) neglect of spatial variability in emissions, (6) neglect 
of temporal variability in emissions and (7) neglect of spatial variability in the environment. 
Uncertainties have been assessed for neutral organic pollutants, in particular Benzo[a]pyrene 
(BaP) and PCB-153. Uncertainties were quantified with different statistics in the previous 
chapters. To make a comparison possible, the uncertainty factor k is used in this synthesis as a 
common metric of all sources of uncertainty. These uncertainty factors were calculated for 
BaP and PCB-153, as shown in Section 6.2. The most relevant uncertainties per compartment 
are discussed in Section 6.3. Section 6.4 outlines the conclusions and implications for model 
application and development.
7.2 Calculation of uncertainty factors
The spread of a frequency distribution can be seen as a measure of uncertainty (Verdonck 
et al., 2008). This can be expressed as the uncertainty factor k according to Equation 7.1:
k =  i o 196sdiog (7.1)
where sdlog represents the standard deviation of the log transformed concentration esti­
mates. Uncertainties in estimated concentrations due to intermodel differences, parameter un­
certainty, neglect of spatial variability in emissions, neglect of temporal variability in emis­
sions and neglect of spatial variability in landscape characteristics assessed in this PhD thesis 
were translated to uncertainty factors k. In some chapters (2 and 4), uncertainty in concentra­
tions was assessed due to a combination of two or several sources of uncertainty. Therefore, 
to give uncertainty factors due to one source of uncertainty only, some uncertainty factors had 
to be re-calculated. (1) The uncertainty factor for BaP concentrations due to lack of spatial 
variability in emissions had to be calculated from a scenario representing uncertainty due to 
lack of spatial variability in emissions and landscape characteristics and from a scenario rep­
resenting uncertainty due to lack of spatial variability in the environment only. (2) Uncer­
tainty for concentration estimates of PCB-153 were expressed as deviation between observa­
tions and measurements, therefore uncertainty factors k were derived slightly differently than 
for BaP (see below). The deviation between estimations and measurements for PCB-153 were 
calculated for a scenario where all sources of uncertainty were included, and for several sce­
narios where one source of uncertainty was excluded from the all-inclusive scenario. There­
fore the effect on estimated concentrations of adding only one source of uncertainty had to be 
calculated from a combination of two scenarios. The calculations for the uncertainty factor k 
for lack of spatial variability in BaP concentrations and for several sources of uncertainty for 
PCB-153 concentrations are described below. All other uncertainty factors k could be directly 
derived from the chapters by using Equation 1 when uncertainty was not yet expressed as un­
certainty factor k.
1 0 1
Chapter 7
In Chapter 2 the spatial variation in BaP concentrations was calculated for two scenarios: 
(1) including spatial variability in emissions and in the environment (emis+env) and (2) in­
cluding spatial variability in the environment only (env). These two scenarios were used to 
calculate the uncertainty due to neglect of spatial variability in emissions specifically (emis) 
using the following Equation 7.2:
sdlog,emis =  J s d log,emis+env sdlog,env (7.2)
where sdlog,env+emis represents the standard deviation of the log transformed concentration 
estimations when variability in environment and emissions were included, whereas sdlog,env 
represents the standard deviation of the log transformed concentration estimations when only 
variability in environment was included. The sdlog,emis (only variability in emissions included) 
is used as sdlog for the calculation of the uncertainty factor k in Equation 7.1.
Uncertainty in PCB-153 concentrations was assessed by comparing results of different 
modelling options to observed concentrations of PCB-153 (Chapter 4). Deviation between 
modelled and observed concentrations can be expressed as the Root Mean Square Error of the 
log-transformed concentration estimates compared to observations (Equation 7.3):
RMSEtrans =  Jn-S C logC obs-logC est) 2 (7.3)
Instead of the sdlog in Equation 7.1, the RMSEtrans was used to calculate uncertainty factors 
k for PCB-153. For estimation of the influence of various sources of uncertainty on PCB-153 
concentrations, a modelling approach where several levels of model detail were included (all) 
was compared to modelling options where these sources of variation were excluded one at a 
time (all-pj). To calculate uncertainty factors for neglect of one of these sources of variation, 
the RMSEtrans was calculated according to Equation 7 4:
RMSEtrans,pj =  jR M SE2ans,all — RMSE2rans,all-pj (7.4)
where pj indicates the source of variation that was excluded in a particular scenario, and 
‘all’ indicates that all sources of variation were included. For example, to calculate the vari­
ability in concentrations caused by the spatial variability in emissions, a scenario where spa­
tial variability in emissions was not included, but temporal variability in emissions, spatial 
variability in the environment and emissions to water were included, was substracted from the 
scenario including all sources of uncertainty (spatial and temporal variability in emissions, 
spatial variability in the environment and emissions to water) according to Equation 7.4. Each 
RMSEtrans,pj representing one source of uncertainty was used for calculation of the uncertainty 
factor k in Equation 7.1.
7.3 Comparison of sources of uncertainty
Table 7.1 shows uncertainty factors k for five sources of uncertainty in estimated BaP con­
centrations. Table 7.2 shows uncertainty factors k for four sources of uncertainty in estimated 
PCB-153 concentrations. Tables 7.1 and 7.2 differ in an important aspect of the methodology 
used. Table 7.1 represents uncertainties resulting from extrapolation of theoretical insight on 
the lack of knowledge on parameter values and model choices, whereas Table 7.2 represents
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uncertainty as the deviation between model observations and measurements, thereby assum­
ing measurements are a good indication of reality. For both substances, emissions occurred to 
air.
Table 7.1. Uncertainty factors k in estimated BaP concentrations in air, dissolved in fresh 
water, soil pore water and accumulation in aquatic biota.
Parameter
uncer­
tainty
Spatial vari­
ability emis­
sions
Spatial vari­
ability envi­
ronment
Intermodel
difference
BC sorp­
tion3
Air 9 2-101 - 5-101 1 - 3 M 0 1 l b
Fresh water 4-101 2-101 - 7-101 2 - 6-102 2-104 6-101
Soil pore water 2-102 5-101 - 3-102 5-2 7-102 4-102
Aquatic biotac 8-101d ND NC ND NC
a: Uncertainty due to neglect of sorption to black carbon was estimated as the ratio between BC- 
exclusive and BC-inclusive estimations.
b: Exclusion of BC sorption in the models did not influence model difference in air concentrations of 
BaP because these are fully determined by atmospheric processes, obviously not depending on BC 
sorption in fresh water and soil.
c: Instead of BaP, uncertainties in BAFs for a whole range of persistent organic pollutants were esti­
mated in Chapters 6. From these calculations, results for a Kow of about 106 were selected to repre­
sent BaP in this table.
d: Composed of the uncertainty for dissolved fresh water concentrations (Chapter 1) and the uncer­
tainty in BAF (Chapter 6) as sdlog,total =  J sdl2og,water -  ^og,biota 
ND: Not determined.
NC: Not comparable (data have not been included due to incomparability; see text).
Table 7.2. Uncertainty factors k in estimated PCB-153 concentrations in air, fresh water 
sediment and fresh water organisms.
Spatial variabil­
ity emissions
Spatial variabil­
ity environment
Temporal vari­
ability emissions
Emissions to 
water
Air 5-101 9 4 1a
Sediment 1-103 7 5 1-102
Aquatic biota 4-102 2-101 4 8-101
a: inclusion of direct emissions to water, had no influence on deviation between modelled and ob­
served concentrations in air
Air
Uncertainty due to a lack of spatial variability in emissions caused the highest uncertainty 
in estimated air concentrations of BaP and PCB-153 (a factor of 20 to 50). The influence of 
spatial variability in the environment was smaller than the influence of spatial variability in 
emissions for BaP and PCB-153. This was also found for 6 out of 7 organic substances in 
Chapter 3 and for a number of other organic chemicals (Pennington et al., 2005). An impor­
tant influence of variation in emission source has also been shown for human exposure to pes­
ticides (Bennett et al., 1999) and for environmental behaviour of PCBs (Sweetman et al., 
2002) and the importance of spatial differentiation of emissions for concentration estimations 
has been highlighted by others (Prevedouros et al., 2004b; Breivik et al., 2006).
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For BaP concentrations in air, intermodel difference was also relevant (a factor of 10). In­
termodel difference reflected the differences between the average concentrations predicted by 
the four models SimpleBox, EVn BETR, BETR Global and Impact 2002. These differences 
are due to model structure, formulation and parameterisation. Model difference in air was ex­
plained by smaller advection rates in SimpleBox than in the other models used (Chapter 2, 
Armitage et al., 2007). This intermodel difference is slightly higher than found by Hollander 
et al. (2007) in a comparison of two models for PCB-153.
Effects of all other sources of uncertainty were below a factor of 10. Uncertainty in PCB- 
153 concentrations due to a lack of temporal variability in emissions could have been under­
estimated, because observed concentrations were only available for the last 20 years, whereas 
emission estimates ranged over the period from 1930-2005 with a peak in the 1970’s (Breivik 
et al., 2007).
Fresh water
The highest uncertainty in estimated dissolved BaP concentrations was found for differ­
ences between models in the fresh water compartment (up to a factor of 20,000). Intermodel 
difference for fresh water concentrations was mainly explained by the differences in water 
depth between the models (Chapter 2, Armitage et al., 2007). Water bodies were particularly 
deep in the BETR models.
Uncertainty in estimated BaP concentrations dissolved in fresh water due to neglect of 
variability in landscape characteristics ranged from a factor of 2 to 600, depending on the 
model used. Spatial variability in fresh water concentrations due to variability in landscape 
characteristics was high when water residence times was modelled in detail for BaP in Chap­
ter 2 and other organic chemicals (Pennington et al., 2005), indicating this finding applies for 
more substances. Spatial variability in dissolved fresh water concentrations of BaP due to 
variability in emissions was a factor of 20 to 70.
When BC sorption was included, dissolved concentrations in fresh water were a factor of 
56 lower compared to predictions without BC sorption. A BC-inclusive fate model, developed 
by Prevedouros et al. (2008), predicted dissolved BaP concentrations that were more than a 
factor of 250 lower than in the BC-exclusive version, a slightly larger effect than in Chapter 2.
Parameter uncertainty led to an uncertainty factor in estimated dissolved BaP concentra­
tions in fresh water of about a factor of 40, mainly caused by the uncertainty in degradation 
rates in air and sediment. This range is consistent with uncertainty from substance properties 
found by Hertwich et al. (2000). Their focus was, however, on the influence of spatial varia­
tion in the relative comparison of human exposure between chemicals and not so much on the 
absolute influence of spatial variation on soil concentrations. Direct comparison of results is 
therefore not possible. However, it indicates that their findings for other organic chemicals are 
in line with our results. The influence of degradation in sediment on water concentrations has 
also been highlighted by Greenfield and Davis (2005) for a number of polycyclic aromatic 
hydrocarbons.
When emissions occur to air, the uncertainty in water and sediment degradation rates, adds 
up on top of the uncertainties in the air concentrations, leading to higher uncertainties in the
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fresh water compartment compared to the air compartment. A smaller uncertainty in the con­
centrations of the emission compartment compared to the secondary compartments, fresh wa­
ter and soil, has been found for a number of organic substances (e.g. Ragas et al., 1999; 
Huijbregts et al., 2000; 2005).
Soil
For BaP concentrations in soil pore water, the largest uncertainty was uncertainty due to 
intermodel difference, but all sources of uncertainty, with exception of neglect of spatial vari­
ability in landscape characteristics, were of comparable magnitude (typically three orders of 
magnitude). Also for soil, parameter uncertainty and uncertainty due to lack of spatial vari­
ability in emissions increased compared to the air compartment. Although the impact of land­
scape characteristics on soil concentrations is relatively small, Chapter 3 showed that land­
scape characteristics have more impact on variability in estimated soil concentrations than on 
variability in air concentrations for seven organic substances and on variability in fresh water 
concentrations of four organic substances.
Whereas almost all sources of uncertainty were important for uncertainty in BaP concen­
trations in soil (pore water), estimation of PCB-153 concentrations in soil could not be im­
proved by any addition in model detail (Chapter 4). Armitage et al. (2007) compared model 
predictions with monitoring data for a number of organic substances, including BaP. They 
found that a generic box model yielded about the same results for estimated concentrations in 
soil as three spatially explicit fate models (a deviation of a factor of 10 to 100). Chapter 2 
identified, for example, that neglect of spatial variability in emissions is a relevant source of 
uncertainty in estimated BaP concentrations. Armitage et al. (2007), however, did not find 
better agreement with field data for estimations with models that included spatially resolved 
emission estimates. This indicates that also for BaP inclusion of more spatial variability in 
environment or emissions according to current knowledge and state-of-the-art modelling is 
unlikely to improve model performance compared to measurements. Thus, given the current 
state of knowledge, application of a simple modelling approach is as appropriate for indica­
tion of absolute concentrations in soil as a spatially resolved modelling approach. Hollander 
(2008) concluded that spatially explicit modelling approaches can be advisable to catch the 
spatial variability in concentrations, when soil is the receiving compartment. When spatial 
trends in concentrations are required, spatial explicit models might be able to catch this trend, 
thereby possibly over- or underestimating absolute values.
Sediment
Uncertainty of estimated concentrations of PCB-153 in fresh water sediment was mainly 
due to lack of spatial variability in emissions (uncertainty of a factor of 1000). The influence 
of including spatially explicit emissions was higher in the sediment compartment than in the 
air compartment, because air mixes more easily between locations, leading to a reduction of 
the differences in concentrations between locations.
Because sediment concentrations are related to concentrations in fresh water, sediment 
concentrations can be expected to be influenced by the same environmental characteristics as
1 0 5
Chapter 7
concentrations in fresh water. Variability in fresh water characteristics, in particular residence 
time, also explained variation in concentrations in fresh water sediment of PCB-153, consis­
tent with the findings for fresh water and BaP discussed above.
The inclusion of emissions to water was influential as well (a factor of 100). Leakage 
sources of emissions to water, such as from antifouling of ships (De Voogt and Brinkman, 
1985) or from painted surfaces (Jartun et al., 2008, 2009) are often not included in emission 
estimates and might even be higher than leakage emissions to air (Annema et al., 1995).
Biota
For internal concentrations of PCB-153, a lack of spatial variability in emissions was the 
largest source of uncertainty (a factor of 400). Uncertainty due to a lack of emissions to water 
was about a factor of 80. A lack of spatial variability in the environment also played a role for 
uncertainty in internal concentrations. Concentrations in aquatic biota are directly linked to 
concentrations in water. Therefore, the lack of spatial variability in water body characteristics 
also is a source of uncertainty in organisms. From these characteristics, residence time in wa­
ter has been shown to be the most important factor affecting concentration estimates for water 
bodies (Pennington et al., 2005; Hollander et al., 2009). Uncertainty in organisms is smaller 
than in sediment, indicating that the uncertainty in calculating internal concentrations from 
water, are smaller than the uncertainties in inter-media exchange between sediment and water.
Because the concentrations in aquatic biota are directly linked to concentrations in water, 
uncertainty in the estimation of the accumulation in organisms is composed of the uncertainty 
in the exposure medium water and the uncertainty in the estimation of the uptake and elimina­
tion in the organism. Uncertainty in estimating uptake and elimination is influenced by pa­
rameters that describe species characteristics, such as lipid contents and fractions of food as­
similated and by physiological flows, such as transport coefficients for transport of water or 
food through the organism. Uncertainty resulting from these parameters was about a factor of 
10 in Chapter 6 and has been added to the uncertainty in dissolved fresh water concentrations 
in Table 7.1. As can be seen from Table 7.1, the uncertainty in aquatic organisms is compara­
ble to the uncertainty in fresh water, indicating that the additional uncertainty in accumulation 
estimation is small compared to the uncertainty in environmental concentrations.
As organisms are assumed to take up chemicals from the dissolved fractions in water, un­
certainty in solids-water partitioning also propagates to uncertainty in organisms. This has 
been assessed in Chapter 5 by comparing BC-inclusive Biota-Solids-Accumulation Factors 
(BSAFs) of polycyclic aromatic hydrocarbons to measurements. BC-inclusive estimations led 
to BSAFs that were a factor of 7 -  50 lower than BSAF estimations without sorption to black 
carbon, in line with earlier studies (Cornelissen and Gustafsson, 2004; Moermond et al., 2005; 
Koelmans et al., 2006). Additionally, the uncertainty in BSAF estimations introduced by add­
ing BC sorption calculations has been assessed in Chapter 5. As uncertainties in dissolved 
fresh water concentrations in Table 7.1 are based on calculations including sorption to black 
carbon, the uncertainties in organisms due to BC-sorption cannot be added to the fresh water 
concentrations and are therefore not included in Table 7.1. Chapter 5 showed the largest un­
certainty introduced by the BC-sorption term (uncertainty factor of about 30) in BSAFs of 
polycyclic aromatic hydrocarbons was caused by a lack of knowledge on location-specific BC
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contents. Lack of knowledge in the exact value of partition parameters led to an additional 
uncertainty in estimated BSAFs of about a factor of 10. Though to a lesser extent, sorption to 
black carbon has been shown to reduce dissolved concentrations and bioaccumulation of other 
hydrophobic chemicals, such as PCBs and polybrominated diphenylethers, as well (e.g. 
Jonker and Smedes, 2000; Moermond et al., 2005; Koelmans et al., 2010).
7.4 Conclusions and Implications
Intermodel difference and neglect of sorption to black carbon have been investigated for 
BaP only, whereas neglect of emissions to water has only been investigated for PCB-153. 
Additionally unidentified sources of uncertainty could substantially influence concentration 
estimations (Ragas et al., 2009; S0rensen et al., 2010). Although results are generally in line 
with results for other organic substances, it still has to be validated whether these results also 
apply for substances with other properties and emission rates. Additionally the emission com­
partment has been shown to influence substance behaviour (Hollander, 2008). The uncertain­
ties discussed in this chapter apply for emissions to air. Keeping these limitations in mind, 
some tentative conclusions can be drawn from the discussion above.
The first prerequisite for accurate concentration predictions by means of multi-media fate 
modelling is the availability of spatially explicit emission data, including all relevant emission 
compartments. Lack of spatial variability in emissions dominated uncertainty in air, sediment 
and fresh water organisms. Overall, estimations in the air compartment where found to be 
most reliable. For improving estimations in fresh water, a careful consideration of which 
model to use is the first step. Intermodel difference was found to dominate uncertainty in 
fresh water, but inclusion of realistic water body characteristics was important as well.
Theoretical uncertainty assessment based on uncertainty propagation and model compari­
son (Chapter 2, Table 7.1) and validation studies (Chapter 3, Armitage et al., 2007) led to a 
different conclusion concerning the dominant source of uncertainty in soil. Almost all of the 
sources of uncertainties that were assessed by the theoretical uncertainty assessment contrib­
uted to overall uncertainty. However, the inclusion of none of these led to improved model 
predictions compared to measurements. This implies that although uncertainty assessment 
based on uncertainty propagation and model comparison can rank assessed sources of uncer­
tainty, it could fail to identify the actual largest uncertainty, as these might not have been in­
cluded appropriately in the analysis. As inclusion of all sources of uncertainty cannot be guar­
anteed, identification of most rewarding improvement options would profit from validating 
uncertainty assessments by comparison with field data.
Although parameter uncertainty in estimated bioaccumulation was about a factor of 10, 
uncertainty in internal concentrations was found to be dominated by uncertainty in environ­
mental concentrations. Uncertainty in estimating bioavailable concentrations of soot-binding 
substances can be reduced by including location-specific BC contents.
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Model application and development
These tentative conclusions can be translated into implications for model development and 
model applications. The most urgent need for further improvement of multi-media fate model­
ling is a better understanding of the processes that determine concentrations in soil.
When applying a standard risk assessment approach, i.e. a steady-state model with ho­
mogenous emissions to air and a homogeneous environment, concentrations at specific mo­
ments and locations can be over- or underestimated by a factor of 20 to 10,000 , increasing 
from air to soil, water and sediment. These uncertainties can be reduced by adaptations in 
modelling approaches. Strategies that can be recommended from the findings above depend 
on the compartment of interest. They apply for the case that emissions occur to air.
• Uncertainty in air concentrations are caused by neglect of differences between locations. 
These differences can best be accounted for by including spatially differentiated emission 
estimates. This requires a model structure that is able to include spatially differentiated 
emissions. Therefore, the use of a spatially differentiated model, e.g. EVn BETR, or a 
nested box model, re-parameterised for different regions, is recommended.
• Choosing a model with realistic dimensions of fresh water bodies is crucial for reliable 
concentration estimations in the fresh water and related compartments. If spatially re­
solved concentration estimates in fresh water are required, inclusion of spatially differen­
tiated water residence times is most important to reflect spatial variability in concentra­
tions. A model that includes realistic water body dimensions and reflects the spatial vari­
ability in water residence times should therefore be chosen. This would be a model that 
uses watersheds to estimate residence times, such as e.g. Impact 2002 or a nested box 
model that is re-parameterised for different regions. These models have the advantage that 
they can also include spatially resolved emissions, which were also influential for reliable 
concentration estimations in fresh water and related compartments.
• For the soil compartment, none of the modelling approaches, that could have been ex­
pected to improve model predictions compared to measurements, could capture observed 
concentration patterns. A simple approach, like the standard version of SimpleBox, is 
therefore currently sufficient to get an indication of soil concentrations.
• For estimation of concentrations in fresh water sediment and fresh water biota, reliable 
estimations of the concentrations in fresh water are most important. Therefore, the same 
recommendations apply as for the fresh water compartment. If direct emissions to water 
can be expected, efforts should be made to estimate these emissions, as they substantially 
affect uncertainty in fresh water sediment and biota.
• For the calculation of dissolved concentrations and bioaccumulation, inclusion of sorption 
to black carbon substantially improves estimations, particularly for polycyclic aromatic 
hydrocarbons.
• If environmental concentrations are known, case-specific lipid contents of fish further re­
duce uncertainty in bioaccumulation estimations.
These conclusions can also be extended to risk assessment policy. They indicate that risk 
estimations are more realistic if differences between locations are not neglected. This implies 
a need for comprehensive and location-specific emissions reporting. Risk estimations for
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polycyclic aromatic hydrocarbons would benefit from inclusion of sorption to black carbon 
with location-specific measurements where possible. Encouragement of research for a better 
understanding of the processes that determine concentrations in soil can in the future lead to 
more accurate estimations of concentrations in this compartment.
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Appendices

A: Supporting Information for Chapter 2
A.1: Emission maps for Benzo[a]pyrene
Figure A.1 shows the emission on the grids of the three spatial models. As can be seen in 
the figure, the model area defined as Europe differed between the models. The same total 
emissions could be taken into account, because all models have an outer zone, correcting for 
exchange beyond the central model domain. The area in SimpleBox was adapted to fit the 
EMEP area.
Figure A 1: BaP emission [t/y] on the grids of the Impact 2002 (A), EVn BETR (B ) and 
BETR Global (C).
1 2 5
Appendix A
A.2: Input data for Benzo[a]pyrene
Input data were treated as lognormal distribution and were characterized by means and co­
efficients of variation (CV, the ratio of the standard deviation and the mean).
Table A.1. Model input for benzo[a]pyrene (BaP; CAS nr. 50-32-8).
Property Unit Value CV Reference
Molar weight g-mol"1 252.3 McKone et al (1995)
Melting point deg C 152.7 0.03 McKone et al (1995)
Vapour pressure Pa 7.110-7 0.07 McKone et al (1995)
Henry constant Pa . m“3 . mol“1 9.210-2 1 McKone et al (1995)
Half lifeair d 0.1 1 McKone et al (1995)
Half lifewater d 2.3 1.2 McKone et al (1995)
Half lifesoil d 231 1.2 McKone et al (1995)
Half lifesediment d 1175 1.41 McKone et al (1995)
Organic carbon-water parti­
tion coefficient kg-L-1 2.5106 0.91
McKone et al (1995)
Bioaccumulationfactor in 
fish L-kg-1 329 0.41
McKone et al )5991
Freundlich coefficient for 
sorption to black carbon jg kg-1 / (jg -L_1)n 1.7107 0.02 Koelmans et al. (2006)
Total emission rate t-y1 310 0.5 http://www.emep.int3 Prevedouros et al (2008)b
a: source for spatial emission data; b source for dispersion factor
A.3: Calculation of dissolved concentrations in the four models 
Table A.2. Symbols and meanings used in the equations.
Symbol Description Unit Equation Source
Ksw
fTOC
foc
Koc
fBC
Kf,BC
Cdis
n
H
R
T
psolids
vfrwater
vfrsolids
Vfrair
Kom
fom
FRdis
Solids-water partitioning coef­
ficient
Total organic carbon fraction in 
solids
Black carbon exclusive organic 
carbon fraction in solids 
Organic carbon-water parti­
tioning coefficient 
Black carbon fraction in solids 
Freundlich coefficient for sorp­
tion to black carbon 
Dissolved concentration in 
water
Freundlich parameter
Air-water partition coefficient
Henry-Constant 
Gas constant 
Temperature
Density of the soil compart­
ment
Volume fraction water in soil 
Volume fraction solids in water 
Volume fraction air in soil 
Organic matter partition coeffi­
cient
Fraction organic matter
Fraction of chemical dissolved
Concentration suspended mat­
ter in water
L-kg-1
[-]
[-]
L-kg-1
[-]
jg  kg-1 / (|jg -L 
1)n
jg-L-1
[-]
[-]
Pa-m3-mol-1 
Pa-m3-mol-1 K-1 
K
kg-m3
[-]
[-]
[-]
L-kg-1
[-]
[-]
mg-L
See Equation A.1, 
A.2
= 0.9-fTOC
= 0.1-fTOC
See Equation A.16 
= 0.7
HK .
R ■ T
8.314
see Equations A.3, 
A.4-A.6, A.9, A.12- 
A.15
Koelmans et al. (2006)
Koelmans et al. (2006)
Koelmans et al. (2006) 
Cornelissen et al. 
(2005)
Simplebox3.0; 
Impact 2002
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B c F Bioconcentrationfactor of fish . . -1 Simplebox3.0, EVn
BCF in water g BETR, BETR Global
Concentration biota in fresh - 1vfrfish . mg-L1 = 1 Simplebox3.0water
Cbulk______ Bulk concentration________________ g-kg-1______________________________________________________________
In the original version of the models, the Ksw is calculated as
K sw = f TOC ■ K OC (A-1)
The calculation of the Ksw is adapted to include sorption to black carbon (Accardi-Dey and 
Gschwend, 2002):
K sw,BC = f ü C  ■ K OC + f BC ■ K f ,BC ' C cli_1 (A-2)
Calculation of the dissolved fraction in Impact 2002 (Margni et al., 2004)
The fraction dissolved in fresh water is calculated in Impact 2002 according to
F R dis water , , (^ A.3)
’ 1 +  Psolids • f om • K om ' V1 0 0 0 + K om ' Pcollidalorganicmatter(com) ' V1000
Including sorption to black carbon and transferring organic matter contents to organic carbon 
contents by dividing by 2 (EC, 2004) this equation reads:
FRdis,water,BC = n_ I n_
1 + p solids ' ( f OC ' K OC + f BC ' K f  ,BC ' Cdis ) ■ V1000+ (K OC ' p coc + f BC ' K f  ,BC ' Cdis ) ■ V1000
(A.4)
Dissolved chemical fractions in soil are calculated in Impact 2002 following the equation:
v f r
F R dlssoll = ---------------------------- --------------------------- ;------  (A.5)
, Vfrwater +  VK r  ' K aw + Vfrsolids ' Psolids ' K sw ' V1 000
Including Equation A.2 for the Ksw gives the following equation:
T7D _______________________________________vfrwater_____________________________________
FRdis, soil, BC =  n_1
vfrwater +  vfrair ‘ K aw +  vfrsolids ‘p solids ' ( f OC  ‘ K OC +  f BC ' K f ,BC ' C dis ) ■ V1000
(A.6)
Calculation of the dissolved fraction in Simplebox3.0 (Den Hollander et al., 2004)
The bulk concentration in soil is calculated:
C  ■ v f r  ■ P^  _ solids,soil J solilds,soil r  solids,soil ( ^ i-¡\
C bulk, so il = F R  VA. 7)
F R solids,soil
where:
C solids =  C dis ■ K sw (A.8)
F R  . . = _________________________ v fr¡¡olids_________________________  (A.9)
soMsjoi v frwater ' 10 0 0 / (Psolids ' K sw ) + vK i r  ‘ K aw ‘10 0 0 / (Psolids ‘ K sw ) + vfrsolids '
After inserting Equation A.2 for the Ksw, these equations become:
„  _  C solids,soil,BC ■ vf rsolilds,soil ' P solids,soil , . 1
C bulk,soil,BC = (A.10)
F R solids,soil,BC
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where:
Csolids,BC = f OC ' K OC ' C dis + f BC ' K f  ,BC ' C dis (A-V1)
FRsolids,soil,BC _
______________________________________vfrsolids______________________________________
---------- -,------------v f m e --------------------- r  +-------------------- vfrair ' Kaw------------------ r  + vfrsoiids
Psolids ' V1000 ' ( f OC ' K OC + f BC ' K f,BC ' Cdis ) Psolids ' V1000 (ÍOC ' K OC + f BC ' K  f,BC ' Cfc )
(A.12)
The dissolved chemical fractions in fresh water after inclusion of black carbon sorption are 
calculated following:
F R dis,water,BC = ' ' (A.13)
1 + ( f OC ' K OC + f BC ' K f  ,BC ' C dis ) ' rcoc ' V1000 + B C Fw ' vfrfish 'V1000
Calculation of the dissolved fraction in EVn BETR (Prevedouros et al., 2004a; 2004c) and 
BETR Global (MacLeod et al., 2005)
Dissolved concentrations after including sorption to black carbon in calculation of the Ksw for 
EVn BETR and BETR Global are calculated according to:
Fresh water:
f r  ________________________________________________ v fr water______________________________________________
F R d is ,w a ter ,B C  _  n_ i
v fr w ater + v fr solids ' p solids ' ( f O C  ' K O C  + f B C  ' K f , B C  + c dis ) ' y 1000 +p fish  ' B C F
(A.14)
Soil:
T7D ______________________________________ vfrwater_____________________________________
FRdis, soil, BC _  n_1
vfrwater +  vfrair ‘ K aw +  vfrsolids ‘p solids ‘ ( f OC  ‘ K OC +  f BC  ‘ K f ,BC ' C dis ) ' V1000
(A.15)
General derivation of the dissolved concentrations
The dissolved concentrations in water were derived by fitting the difference between the bulk 
concentration predicted by the model and bulk concentration calculated including black car­
bon sorption to become zero:
C bulk, model _  C bulk, BC _  0  (A.16)
For Simplebox3.0 in the soil compartment, Cbulk,BC is calculated following Equation A8, for 
all other models and compartments it is calculated according to:
C dis,BC
CbUk,BC_~¿É~s~ ~  (A.17)
F R dis,BC
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A.4 Mean predicted BaP concentrations
Table A.3. Mean BaP concentrations in air, dissolved BaP concentrations in fresh water 
and soil predicted by the models Impact 2002, EVn BETR, BETR Global and Simplebox.
Impact 2002 EVn BETR BETR Global Simplebox Simplebox without BC
air [mg-m3] 
fresh water [^g-L-1] 
soil T^ g-L-1!
5.8-10-9
1.6-10-7
1.0-10-11
4.9-10-9
4.5-10-11
1.2-10-12
7.1-10-9
1.4-10-10
8.3-10-13
5.2-10-8
1.9-10-7
5.7-10-10
5.2.-10-8
1.1-10-5
2.3-10-7
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B: Description of the model OMEGA
The model OMEGA (Optimal Modelling for EcotoxicoloGical Applications) estimates ac­
cumulation of neutral organic compounds and metals in aquatic and terrestrial food chains. 
Validation studies showed that the model OMEGA is able to predict field or laboratory 
BSAFs within a factor of 5 for various substances, such as brominated flame retardants and 
organochlorines including polychlorinated biphenyls (Hendriks, 1995b; Hendriks and 
Heikens, 2001; Hendriks et al., 2001; Veltman et al., 2005). Here, a brief explanation of main 
processes and equations on accumulation of organic substances is given. More detailed infor­
mation can be found in Hendriks et al. (2001) and Hendriks and Heikens (2001). Food chains 
in OMEGA can consist of up to four trophic levels. The mass of organisms in such food 
chains results from four basic flows (see Figure B.1):
1) absorption and excretion of water
2) ingestion and egestion of food
3) (re)production of mass
4) mortality of tissues
OMEGA calculates steady-state chemical residues in biota as the sum of influx via water 
and uptake of food divided by the total elimination rate (Equation B.1). Symbols are ex­
plained in Table B.1. Different routes of elimination exist: efflux via water, food and biomass 
(growth dilution). Normally, metabolic transformation is not explicitly accounted for, but rate 
constants can easily be added to the model, if available.
The concentration in the organism is determined by a species-specific combination of all 
routes of uptake and elimination described in Equation B.1.
C  ¡ _  2  kX,in,w,i, j  ' C0,w, j  + kX,in,f,i ' CX,food (B 1)
’ (kX  ,out,w,i + kX  ,out, f  i  + kout, p ,i)
Values for the rate constants in Equation B.1 are derived by Hendriks et al. (2001). Rate 
constants for influx and efflux are predicted based on species-weight following allometric re­
lationships. For organic substances, these constants are inversely proportional to resistances 
substances encounter in water and lipid layers and specific flows. Parameter values are deter­
mined by fitting rate constants to data in a literature review. The rate constants for inflow via 
water (kin,w) and uptake from food (kin,f) are calculated as in equations B.2 and B.3.
■ X,in,w ,i
Í /  * f  p  CH 2 ,i Í / * f  ( m i / m *  j
p  h  2 o,w ■(m t / m ) + k ----------(m ¡ / m ) + -------------
K o w x  aw  (B.2)
1
k X, in,f,i _  1p f,i
P f,i P CHi,food ' (KowX\ o x _1 )+ 1
p H2o ,f  W m * )b+ {»¡i »* )b
K owx p C H ^food  ' K owx •(1 - P f, i ) • (■ 
(B.3)
Equations B.4 to B .6 show the calculation of the rate constants for elimination:
1
b*
m m+
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For excretion via water:
i
k X,out,w,i = t z  /i , , i , b  
P C H 2,i • \K °WX -  1)+1 ( , * b PC H 2,w ( / * b (m  m* b
P H 2O,w ' \m i i m  ) + K ) + — ------
K o w x  a w
(B.4)
For egestion with faeces:
k X,out,f,i =  t z  i t r  ’
p  CH2, i ' K^-oWx r)+  1 / p CH2,i Í / * f  
P H 2O , f - [ m i / m  ) +  — -------- [ m i / m  ) +
K,owx p CH2,food ' K ow x  (l p f ,i ) ' a f
(B.5)
For dilution of biomass
k out,p ,i = a p ' ^ l /  m  )~ (B.6)
water concentration
food density
Figure B.1. The densities of organisms and of their food are determined by metabolic 
flows at rate constants for absorption and excretion of water, ingestion and egestion of 
food, (re)production, respiration and mortality of mass. The concentrations in organisms 
and their food are determined by the lipid and water resistance as well as by the 
metabolic flows that carry substances into and out of organisms.
1
(
*
m m
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Table B.1. Description of the parameters used for Bioaccumulation estimation.
Sym bol D escrip tion Unit
Kow,X O c ta n o l/w a te r  p artitio n  coeffic ien t of s u b s ta n c e  X [-]
m* S p ec ies  w e ig h t of o rg a n ism  of tro p h ic  level i kg
m* R efe ren ce  m a ss  of 1 kg kg
pCH2,i Lipid frac tio n  of o rg a n ism  tro p h ic  level i kg /kg
pf, Fraction  of food a ss im ila te d kg /kg
pCH2,1 Lipid lay e r re s is ta n c e  fo r p lan ts kg ■d ■ kg-1
PCH2,2 Lipid lay e r re s is ta n c e  fo r an im a ls kg ■d ■ kg-1
Ph20,w W a te r lay e r re s is ta n c e  to /fro m  w a te r kg ■d ■ kg-1
p H2O,f W a te r lay e r re s is ta n c e  to /fro m  food kg ■d ■ kg-1
b R ate  e x p o n e n t [-]
a w W a te r ab so rp tio n  -  ex c re tio n  coeffic ien t l- kg-1d -1
a f Food in g estio n  coeffic ien t kg- kg-1d -1
ap B iom ass (re )p ro d u c tio n  coeffic ien t kg- kg-1d -1
kX,w,in,i R ate  c o n s ta n t  fo r a b so rp tio n  from  w a te r l ■ kg-1 d -1
kX,f,in,i R ate  c o n s ta n t  fo r a ss im ila tio n  from  food kg- kg-1d -1
kX,out,w,i R ate  c o n s ta n t  fo r e lim in a tio n  via w a te r d -1
kX,out,f,i R ate  c o n s ta n t  fo r e lim in a tio n  via fa e c e s
d -1
kout,p,i R ate  c o n s ta n t  fo r d ilu tion  w ith b io m ass  g row th d -1
Kow,x O c ta n o l/w a te r  p artitio n  coeffic ien t of s u b s ta n c e [-]
pX,f Fraction  of s u b s ta n c e  a ss im ila te d kg /kg
Cx,i C o n cen tra tio n  of s u b s ta n c e  in o rg a n ism  tro p h ic  level i kg /kg
Cx,o,j C o n cen tra tio n  of s u b s ta n c e  in ab io tic  c o m p a r tm e n t j kg/l
CX,food C o n cen tra tio n  of s u b s ta n c e  in food kg /kg
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C: Supporting Information for Chapter 4 
C.1: Nested, coupled modelling approach
c^co n tin en ta l
500 km
'“supraregional
300 km
regional
100 km
Figure C.1. The position of a 10,000 km2 zone nested in the larger scales and the flows 
between the cells.
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C.2 Food chains
Table C.1. Characteristics of an example food chain.
level species Weight
[kg]
organism lipid 
fraction 
[kg/kg]
1 Phycophyta 1.0E-12 9.9E-03
2 Mollusks 1.0E-03 1.4E-02
3 Osteichthyes 1.0E-04 2.1E-02
The abiotic fate model is adapted to include an aquatic standard food chain (Table C.1) 
based on the bioaccumulation model OMEGA (Hendriks et al., 2001); where internal concen­
trations in biota are calculated as the quotient between intake and elimination or dilution as 
follows (Thomann et al., 1992; Gobas et al., 1999; Thomann and Komlos, 1999; Czub and 
McLachlan, 2004b):
Ct  _  kw ,in " Cw  + kf ,in  Ci - 1 — k w ,ex ' Ci(t) + kf ,e x ' Ci(t) + k p  ' Ci(t) + k m  ' Ci(t) (C.1)
Ci  =
k w in ' C w + k f  in '  C i—i 1
k w, ex + k f  ex + k p  + k m
(steady-state) (C.2)
Symbols are explained in Table C.2, concentrations in fish were estimated from concentra­
tion in fresh water. Steady-state calculations were used, because fresh water fish and inverte­
brates reach steady-state in OMEGA after about a year and emissions were yearly averages.
Generally, dissolved concentrations in (pore) water and are calculated from the total con­
centration in the compartment multiplied with the fraction of the chemical in the respective 
phase as calculated in SimpleBox:
C d is  =  C to ta l  ' F R d is  (C.3)
For fresh water, the fraction dissolved in water is calculated according to:
F R dis, w a te r  = ñ“01 (C.4)
1 + ( f O C ss ■ 1.26 ■ K o W  )■ S S  
Uptake routes are modelled in the food chain as explained in Appendix B.
Table C.2. Factors used in equations with typical values for parameters.
Symbol Description Unit Typical value
Ci
Cdis
FRdis,water
Kow
SS
Concentration in biota of trophic level i 
Concentration dissolved in water 
Fraction of chemical in water phase fresh water 
Octanol/water partition coefficient 
Concentration suspended matter in fresh water
kg/kg
kg/l
'-i
'-i
kg/dm3
Equation C.1, C.2 
Equation C.3 
Equation C.4 
Substance 
Table C.3
C.3: Substance properties of PCB-153, environmental characteristics, emission map 
Table C.3. Environmental parameters taken into account in the calculations.
Description Unit Reference
Atmospheric temperature 
Wind velocity at 10m 
Run-off fraction of precipitation 
Atmospheric mixing height
“C
m/s
'-i
m
New et al. (2002) 
New et al. (2002) 
Pistocchi et al. (2006) 
Roemer et al. (2005)
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Rainfall intensity mm/y Pistocchi and Pennington (2006a), PELCOM, 20051
Soil moisture content [-] Pistocchi et al. (2006)
Suspended particulate matter concentration in 
water2 mg/l Pistocchi et al. (2006)
Aerosol deposition velocity m/s New et al. (2002)
Fresh water depth m Pistocchi and Pennington (2006a),
Soil erosion intensity3 mm/y Kirkby et al. (2004)
Organic carbon content of the topsoil [-] Jones et al. (2004)
OH-concentration in air cm-3 Roemer et al. (2005)
Fraction of area covered by urban land [-] PELCOM, 2005
Fraction of area covered by natural land [-] PELCOM, 2005
Fraction of area covered agricultural land [-] PELCOM, 2005
Fraction of area covered by fresh water [-] Pistocchi and Pennington (2006a),
Aerosol surface4 m2/m3 EMEP, 20065
Water inflow in cell m3/s Pistocchi and Pennington (2006a),
1 PELCOM. Pan-European land use and land cover monitoring. (http://www.geo- 
informatie.nl/projects/pelcom./). Visited October 2005. 2Some of the parameters of the original 
databases were converted to make them suitable for use in the nested fate model, e.g. suspended 
matter for the regional, supra-regional, and continental scales was set equal to that in the target 
cell to get realistic estimations of sedimentation. 3Erosion was not known for a number of grid 
cells; instead, the total average was used in these cells. Cells with more unknown parameters were 
excluded from the analysis (less than 1% of the continental cells). 3The average European PM10- 
concentration was set equal to the average aerosol surface default in SimpleBox and the aerosol 
surfaces in the different grid cells were made proportional to that. 5EMEP. Modelled Air Concentra­
tion and Deposition Data. http://www.emep.int/Model_data/model_data.html; Visited November 
2006.
Table C.4. Physical-chemical input data for PCB-153.
Parameter Value Unit Reference
Molecular weight 3.6-102 g.mol-1 Mackay et al. (1992b)
Vapor pressure at 25°C 5.5-10"4 Pa Schenker et al. (2005)
Water solubility at 25°C 1.1-10-2 mg.l-1 Schenker et al. (2005)
Kow 2-107 - Schenker et al. (2005)
Enthalpy of vaporization 92 kJ.mol-1 Schenker et al. (2005)
Enthalpy of dissolution 24 kJ.mol-1 Schenker et al. (2005)
Degradation rate constant in air at 25°C 3.1-10"7 s-1 Wania and Daly (2002)
Degradation rate constant in water at 25°C 3.5-10"9 s-1 Wania and Daly (2002)
Degradation rate constant sediment at 25°C 1.1-10-9 s-1 Wania and Daly (2002)
Degradation rate constant soil at 25°C 3.5-10"10 s-1 Wania and Daly (2002)
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Figure C.2. Emission map for the steady-state scenario.
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C. 4: Measured concentrations of PCB-153
Table C.5. Measured concentrations in air, soil, freshwater invertebrates and fish per year 
and grid cell.
Compartment [unit] Grid cell code year
concentra­
tion reference
Air pg/m3] 284 1992 1.6E+00 Oehme et al (1995)
Air pg/m3] 513 1996 1.5E+00 EMEP data, 20051
Air pg/m3] 513 1997 3.1E-01 EMEP data 2005
Air pg/m3] 513 1998 4.9E-01 EMEP data 2005
Air pg/m3] 513 1999 4.6E-01 EMEP data 2005
Air pg/m3] 513 2000 3.9E-01 EMEP data 2005
Air pg/m3] 513 2001 3.1E-01 EMEP data 2005
Air pg/m3] 513 2002 3.3E-01 EMEP data 2005
Air pg/m3] 1281 1995 2.1E+00 EMEP data 2005
Air pg/m3] 1281 1996 1.2E+00 EMEP data 2005
Air pg/m3] 1281 1997 1.0E+00 EMEP data 2005
Air pg/m3] 1281 1998 1.0E+00 EMEP data 2005
Air pg/m3] 1281 2000 1.4E+00 EMEP data 2005
Air pg/m3] 1281 2001 7.3E-01 EMEP data 2005
Air pg/m3] 1281 2002 6.6E-01 EMEP data 2005
Air pg/m3] 1432 1994 5.8E+00 EMEP data 2005
Air pg/m3] 1432 1995 4.4E+00 EMEP data 2005
Air pg/m3] 1432 1996 2.1E+00 EMEP data 2005
Air pg/m3] 1432 1997 1.5E+00 EMEP data 2005
Air pg/m3] 1432 1998 1.6E+00 EMEP data 2005
Air pg/m3] 1432 1999 1.5E+00 EMEP data 2005
Air pg/m3] 1432 2000 1.7E+00 EMEP data 2005
Air pg/m3] 1432 2001 1.3E+00 EMEP data 2005
Air pg/m3] 1432 2002 2.9E+00 EMEP data 2005
Air pg/m3] 2128 1999 1.2E+01 EMEP data 2005
Air pg/m3] 2128 2000 2.1E+01 EMEP data 2005
Air pg/m3] 2128 2002 1.2E+01 EMEP data 2005
Air pg/m3] 1352 1992 3.7E+01 Haugen et al., al. (1995;
Oehme et 
1999)
Air pg/m3] 1352 1993 2.6E+01 Haugen et al . (1999)
Air pg/m3] 1352 1994 2.4E+01 Haugen et al . (1999)
Air pg/m3] 1352 1995 2.4E+01 Haugen et al . (1999)
Air pg/m3] 1731 1991­1992* 3.7E+01 Halsall et al. (1995)
Air pg/m3] 1884 1991-1992 3.3E+01 Halsall et al. (1995)
Air pg/m3] 1886 1991-1992 2.0E+01 Halsall et al. (1995)
Air pg/m3] 1886 1991-1992 2.6E+01 Halsall et al. (1995)
Air pg/m3] 1654 1995 1.2E+01 Lee et al. (1998)
Soil [pg/g]2 283 1998 4.1E+02 Meijer et al. (2003)
Soil [pg/g] 356 1998 9.5E+02 Meijer et al. (2003)
Soil [pg/g] 434 1998 1.9E+02 Meijer et al. (2003)
Soil [pg/g] 439 1998 3.3E+03 Meijer et al. (2003)
Soil [pg/g] 510 1998 9.0E+02 Meijer et al. (2003)
Soil [pg/g] 586 1998 1.3E+02 Meijer et al. (2003)
Soil [pg/g] 587 1998 1.9E+02 Meijer et al. (2003)
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So l[pg/g] 598
So l[pg/g] 817
So l[pg/g] 892
So l[pg/g] 893
So l[pg/g] 1044
So l[pg/g] 1045
So l[pg/g] 1046
So l[pg/g] 1121
So l[pg/g] 1124
So l[pg/g] 1126
So l[pg/g] 1133
So l[pg/g] 1198
So l[pg/g] 1201
So l[pg/g] 1268
So l[pg/g] 1276
So l[pg/g] 1277
So l[pg/g] 1345
So l[pg/g] 1352
So l[pg/g] 1421
So l[pg/g] 1422
So l[pg/g] 1423
So l[pg/g] 1498
So l[pg/g] 1576
So l[pg/g] 1649
So l[pg/g] 1654
So l[pg/g] 1730
So l[pg/g] 1747
So l[pg/g] 1807
So l[pg/g] 1883
So l[pg/g] 1884
So l[pg/g] 1960
So l[pg/g] 1968
So l[pg/g] 2277
So l[pg/g] 2278
So l[pg/g] 2348
So l[pg/g] 2349
So l[pg/g] 2352
So l[pg/g] 2353
So l[pg/g] 2358
So l[pg/g] 2428
So l[pg/g] 2664
So l[pg/g] 2889
So l[pg/g] 2955
So l[pg/g] 2964
So l[pg/g] 3113
So l[pg/g] 2276
So l[pg/g] 2277
So l[pg/g] 2278
So l[pg/g] 2352
So l[pg/g] 2353
138
1998 3.2E+03 Me jer et al. (2003)
1998 4.4E+02 Me jer et al. (2003)
1998 5.5E+02 Me jer et al. (2003)
1998 2.5E+02 Me jer et al. (2003)
1998 4.1E+02 Me jer et al. (2003)
1998 1.6E+02 Me jer et al. (2003)
1998 5.1E+02 Me jer et al. (2003)
1998 1.3E+03 Me jer et al. (2003)
1998 9.2E+02 Me jer et al. (2003)
1998 1.7E+03 Me jer et al. (2003)
1998 3.0E+03 Me jer et al. (2003)
1998 1.9E+03 Me jer et al. (2003)
1998 1.4E+03 Me jer et al. (2003)
1998 4.9E+02 Me jer et al. (2003)
1998 1.4E+03 Me jer et al. (2003)
1998 1.0E+03 Me jer et al. (2003)
1998 7.5E+02 Me jer et al. (2003)
1998 2.2E+03 Me jer et al. (2003)
1998 2.3E+02 Me jer et al. (2003)
1998 6.9E+02 Me jer et al. (2003)
1998 1.9E+03 Me jer et al. (2003)
1998 7.6E+02 Me jer et al. (2003)
1998 7.9E+02 Me jer et al. (2003)
1998 1.8E+02 Me jer et al. (2003)
1998 1.5E+03 Me jer et al. (2003)
1998 6.2E+02 Me jer et al. (2003)
1998 9.3E+03 Me jer et al. (2003)
1998 5.0E+02 Me jer et al. (2003)
1998 1.0E+03 Me jer et al. (2003)
1998 4.9E+02 Me jer et al. (2003)
1998 6.1E+02 Me jer et al. (2003)
1998 1.8E+04 Me jer et al. (2003)
1998 6.3E+03 Me jer et al. (2003)
1998 1.2E+02 Me jer et al. (2003)
1998 9.6E+01 Me jer et al. (2003)
1998 2.3E+02 Me jer et al. (2003)
1998 1.4E+03 Me jer et al. (2003)
1998 6.5E+02 Me jer et al. (2003)
1998 9.6E+03 Me jer et al. (2003)
1998 8.8E+03 Me jer et al. (2003)
1998 1.2E+03 Me jer et al. (2003)
1998 3.2E+02 Me jer et al. (2003)
1998 1.9E+02 Me jer et al. (2003)
1998 5.0E+01 Me jer et al. (2003)
1998 3.2E+02 Me jer et al. (2003)
2002 1.2E+03 Schmid et al (2005)
2002 1.2E+03 Schmid et al (2005)
2002 8.6E+02 Schmid et al (2005)
2002 7.3E+02 Schmid et al (2005)
2002 9.8E+02 Schmid et al (2005)
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Soil [pg/g] 2354 2002 1.1E+03 Schmid et al. (2005)
Soil [pg/g] 2355 2002 9.5E+02 Schmid et al. (2005)
Soil [pg/g] 2431 2002 2.5E+03 Schmid et al. (2005)
Invertebrates [mg/kg lipid] 1965 2001­20023 4.8E-03 Bervoets et al. (2005)
Invertebrates [mg/kg lipid] 1966 2001-2002 9.6E-03 Bervoets et al. (2005)
Invertebrates [mg/kg lipid] 1967 2001-2002 9.2E-03 Bervoets et al. (2005)
Invertebrates [mg/kg lipid] 2432 2001 1.8E-01 Bervoets et al. (2005)
Invertebrates [mg/kg lipid] 1813 1994 2.1E-01 Hendriks et al. (1998)
Invertebrates [mg/kg lipid] 1967 1994 8.4E-02 Hendriks et al. (1998)
Invertebrates [mg/kg lipid] 1890 1994 4.6E-01 Hendriks et al. (1998)
Invertebrates [mg/kg lipid] 1889 1990 1.1E+00 Hendriks (1995a)
Invertebrates [mg/kg lipid] 1813 1990 9.5E-02 Hendriks (1995a)
F sh [mg/kg l pid] 360 1993 7.5E-02 Korhonen et al. (1997)
F sh [mg/kg l pid] 436 1993 1.0E-02 Korhonen et al. (1997)
F sh [mg/kg l pid] 437 1989 1.3E-01 Korhonen et al. (1997)
F sh [mg/kg l pid] 437 1992 2.6E-01 Korhonen et al. (1997)
F sh [mg/kg l pid] 825 1989 1.6E-01 Korhonen et al. (1997)
F sh [mg/kg l pid] 825 1992 1.1E-01 Korhonen et al. (1997)
F sh [mg/kg l pid] 1813 1990 4.6E-01 Hendriks (1995a)
F sh [mg/kg l pid] 1813 1992 8.0E-01 Waterstat (2008)4
F sh [mg/kg l pid] 1813 1993 9.0E-01 Waterstat (2008)
F sh [mg/kg l pid] 1813 1994 6.4E-01 Waterstat (2008)
F sh [mg/kg l pid] 1813 1995 6.6E-01 Waterstat (2008)
F sh [mg/kg l pid] 1813 1996 6.7E-01 Waterstat (2008)
F sh [mg/kg l pid] 1813 1997 5.8E-01 Waterstat (2008)
F sh [mg/kg l pid] 1813 1998 4.6E-01 Waterstat (2008)
F sh [mg/kg l pid] 1813 1999 4.9E-01 Waterstat (2008)
F sh [mg/kg l pid] 1813 2000 4.4E-01 Waterstat (2008)
F sh [mg/kg l pid] 1813 2001 4.4E-01 Waterstat (2008)
F sh [mg/kg l pid] 1818 1996 1.1E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 1990 2.4E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 1992 2.9E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 1993 2.7E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 1994 2.1E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 1994 4.1E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 1995 1.7E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 1996 1.8E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 1997 1.9E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 1998 2.4E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 1999 2.1E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 2000 2.1E+00 Waterstat (2008)
F sh [mg/kg l pid] 1889 2001 1.8E+00 Waterstat (2008)
F sh [mg/kg l pid] 1890 1990 2.1E+00 Waterstat (2008)
F sh [mg/kg l pid] 1890 1992 2.3E+00 Waterstat (2008)
F sh [mg/kg l pid] 1890 1993 3.4E+00 Waterstat (2008)
F sh [mg/kg l pid] 1890 1994 2.6E+00 Waterstat (2008)
F sh [mg/kg l pid] 1890 1994 3.0E+00 Waterstat (2008)
F sh [mg/kg l pid] 1890 1995 2.4E+00 Waterstat (2008)
F sh [mg/kg l pid] 1890 1996 8.6E-01 Waterstat (2008)
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Fish [mg/kg lipid] 1890 1997 2.3E+00 Waterstat (2008)
Fish [mg/kg lipid] 1890 1998 8.7E-01 Waterstat (2008)
Fish [mg/kg lipid] 1890 1999 8.2E-01 Waterstat (2008)
Fish [mg/kg lipid] 1890 2000 8.0E-01 Waterstat (2008)
Fish [mg/kg lipid] 1890 2001 5.7E-01 Waterstat (2008)
Fish [mg/kg lipid] 1891 1992 9.3E-02 Waterstat (2008)
Fish [mg/kg lipid] 1891 1993 5.5E-02 Waterstat (2008)
Fish [mg/kg lipid] 1891 1994 6.9E-02 Waterstat (2008)
Fish [mg/kg lipid] 1891 1995 8.4E-02 Waterstat (2008)
Fish [mg/kg lipid] 1891 1996 1.9E-01 Waterstat (2008)
Fish [mg/kg lipid] 1891 1997 2.8E-01 Waterstat (2008)
Fish [mg/kg lipid] 1891 1998 1.7E-01 Waterstat (2008)
Fish [mg/kg lipid] 1891 1999 1.7E-01 Waterstat (2008)
Fish [mg/kg lipid] 1891 2000 1.8E-01 Waterstat (2008)
Fish [mg/kg lipid] 1891 2001 1.7E-01 Waterstat (2008)
Fish [mg/kg lipid] 1966 1992 5.9E+00 Waterstat (2008)
Fish [mg/kg lipid] 1966 1993 6.6E-01 Waterstat (2008)
Fish [mg/kg lipid] 1966 2001 1.6E+00 Belpair and Goemans (2004)
Fish [mg/kg lipid] 1967 1992 1.1E+00 Waterstat (2008)
Fish [mg/kg lipid] 1967 1993 1.4E+00 Waterstat (2008)
Fish [mg/kg lipid] 1967 1994 1.6E+00 Waterstat (2008)
Fish [mg/kg lipid] 1967 1994 3.5E+00 Hendriks et al. (1998)
Fish [mg/kg lipid] 1967 1996 2.0E+00 Waterstat (2008)
Fish [mg/kg lipid] 1967 1997 2.0E+00 Waterstat (2008)
Fish [mg/kg lipid] 1967 1998 2.9E+00 Waterstat (2008)
Fish [mg/kg lipid] 1967 1999 1.1E+00 Waterstat (2008)
Fish [mg/kg lipid] 1967 2000 4.2E+00 Waterstat (2008)
Fish [mg/kg lipid] 1967 2001 2.9E+00 Waterstat (2008)
Fish [mg/kg lipid] 2044 1998-1999 2.0E-01 Dauberschmidt and Hoffmann (2001)
Fish [mg/kg lipid] 2118 1991 6.6E+00 Chevreuil et al. (1995)
Fish [mg/kg lipid] 2121 1998-1999 6.5E+00 Dauberschmidt and Hoffmann (2001)
Fish [mg/kg lipid] 2196 1991 4.7E+00 Chevreuil et al. (1995)
Fish [mg/kg lipid] 2432 2001 5.0E-01 Binelli and Provini (2003)
Fish [mg/kg lipid] 2509 1995 3.6E-01 Vigano et al. (2000)
Fish [mg/kg lipid] 2750 2004 2.4E-02 Antoniadou et al. (2007)
Sediment [ng/g dw] 360 1992 5.4E-01 Vartiainen et al. (1997)
Sediment [ng/g dw] 436 1991 7.4E-01 Vartiainen et al. (1997)
Sediment [ng/g dw] 1508 1997 1.3E+01 EU-COMMPS (1999) da­tabase5
Sediment [ng/g dw] 1813 1990 7.0E+00 Waterstat (2008)
Sediment [ng/g dw] 1813 1995 1.3E+01 Waterstat (2008)
Sediment [ng/g dw] 1813 1996 5.0E+00 Waterstat (2008)
Sediment [ng/g dw] 1813 1997 7.1E+00 Waterstat (2008)
Sediment [ng/g dw] 1813 1998 9.2E+00 Waterstat (2008)
Sediment [ng/g dw] 1813 1999 4.4E+00 Waterstat (2008)
Sediment [ng/g dw] 1813 2000 2.4E+00 Waterstat (2008)
Sediment [ng/g dw] 1818 1996 3.2E+01 Fromme et al. (1999)
Sediment [ng/g dw] 1889 1989 1.8E+01 Waterstat (2008)
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Sediment [ng/g dw] 1889 1991 7.2E+00 Waterstat (2008)
Sediment [ng/g dw] 1889 1992 1.9E+01 Waterstat (2008)
Sediment [ng/g dw] 1889 1994 3.8E+01 EU-COMMPS (1999) da­tabase
Sediment [ng/g dw] 1889 1995 2.2E+01 EU-COMMPS (1999) da­tabase
Sediment [ng/g dw] 1889 1995 2.3E+01 Waterstat (2008)
Sediment [ng/g dw] 1889 1996 9.8E+00 Waterstat (2008)
Sediment [ng/g dw] 1889 1997 1.2E+01 Waterstat (2008)
Sediment [ng/g dw] 1889 1998 1.4E+01 Waterstat (2008)
Sediment [ng/g dw] 1889 1999 1.3E+01 Waterstat (2008)
Sediment [ng/g dw] 1889 2000 1.0E+01 Waterstat (2008)
Sediment [ng/g dw] 1889 1993 4.0E+01 Reinhold et al. (1999)
Sediment [ng/g dw] 1890 1995 1.7E+01 Waterstat (2008)
Sediment [ng/g dw] 1890 1996 3.2E+01 Waterstat (2008)
Sediment [ng/g dw] 1890 1998 5.3E+01 Waterstat (2008)
Sediment [ng/g dw] 1890 1999 2.4E+01 Waterstat (2008)
Sediment [ng/g dw] 1890 2000 2.4E+01 Waterstat (2008)
Sediment [ng/g dw] 1965 1994 4.8E+01 EU-COMMPS (1999) da­tabase
Sediment [ng/g dw] 1965 1995 2.2E+01 EU-COMMPS (1999) da­tabase
Sediment [ng/g dw] 1965 2001-2002 3.9E-01 Bervoets et al. (2005)
Sediment [ng/g dw] 1966 1994 1.4E+01 EU-COMMPS (1999) da­tabase
Sediment [ng/g dw] 1966 1995 6.2E+00 EU-COMMPS (1999) da­tabase, Waterstat (2008)
Sediment [ng/g dw] 1966 1996 7.0E+00 Waterstat (2008)
Sediment [ng/g dw] 1966 1997 2.2E+01 Waterstat (2008)
Sediment [ng/g dw] 1966 1998 1.8E+01 Waterstat (2008)
Sediment [ng/g dw] 1966 1999 1.5E+01 Waterstat (2008)
Sediment [ng/g dw] 1966 2000 3.3E+00 Waterstat (2008)
Sediment [ng/g dw] 1966 2001 1.2E+01 Belpair and Goemans (2004)
Sediment [ng/g dw] 1966 2001-2002 2.8E+00 Bervoets et al. (2005)
Sediment [ng/g dw] 1967 1992 2.4E+01 Waterstat (2008)
Sediment [ng/g dw] 1967 1995 1.9E+01 Waterstat (2008)
Sediment [ng/g dw] 1967 1996 3.0E+01 Waterstat (2008)
Sediment [ng/g dw] 1967 1997 7.1E+01 Waterstat (2008)
Sediment [ng/g dw] 1967 1998 4.6E+01 Waterstat (2008)
Sediment [ng/g dw] 1967 1999 1.8E+01 Waterstat (2008)
Sediment [ng/g dw] 1967 2000 2.8E+01 Waterstat (2008)
Sediment [ng/g dw] 1967 2001-2002 5.9E+00 Bervoets et al. (2005)
Sediment [ng/g dw] 1968 1994 3.9E+00 EU-COMMPS (1999) da­tabase
Sediment [ng/g dw] 1968 1995 7.6E+00 EU-COMMPS (1999) da­tabase
Sediment [ng/g dw] 1969 1994 8.1E+00 EU-COMMPS (1999) da­tabase
Sediment [ng/g dw] 1969 1995 1.1E+01 EU-COMMPS (1999) da­tabase
Sediment [ng/g dw] 1969 1996 7.0E+00 EU-COMMPS (1999) da-
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Sediment [ng/g dw] 1969
Sediment [ng/g dw] 1970
Sediment [ng/g dw] 1970
Sediment [ng/g dw] 1970
Sediment [ng/g dw] 1970
Sediment [ng/g dw] 2043
Sediment [ng/g dw] 2043
Sediment [ng/g dw] 2045
Sediment [ng/g dw] 2045
Sediment [ng/g dw] 2045
Sediment [ng/g dw] 2046
Sediment [ng/g dw] 2046
Sediment [ng/g dw] 2046
Sediment [ng/g dw] 2046
Sediment [ng/g dw] 2047
Sediment [ng/g dw] 2121
Sediment [ng/g dw] 2121
Sediment /gg/n dw] 2122
Sediment [ng/g dw] 2123
Sediment [ng/g dw] 2195
Sediment [ng/g dw] 2198
Sediment [ng/g dw] 2199
Sediment [ng/g dw] 2199
Sediment [ng/g dw] 2276
Sediment [ng/g dw] 2276
Sediment [ng/g dw] 2279
Sediment [ng/g dw] 2424
Sediment [ng/g dw] 2424
tabase
1997 7.1E+00 EU-COMMPS (1999) tabase
da-
1994 6.8E+00 EU-COMMPS (1999) tabase
da-
1995 2.5E+00 EU-COMMPS (1999) tabase
da-
1996 6.9E+00 EU-COMMPS (1999) tabase
da-
1997 2.9E+00 EU-COMMPS (1999) tabase
da-
1994 4.7E+01 EU-COMMPS (1999) tabase
da-
1995 2.2E+01 EU-COMMPS (1999) tabase
da-
1994 1.3E+01 EU-COMMPS (1999) tabase
da-
1996 2.1E+01 EU-COMMPS (1999) tabase
da-
1997 9.3E+00 EU-COMMPS (1999) tabase
da-
1994 1.4E+01 EU-COMMPS (1999) tabase
da-
1995 1.2E+01 EU-COMMPS (1999) tabase
da-
1996 1.1E+01 EU-COMMPS (1999) tabase
da-
1997 1.1E+01 EU-COMMPS (1999) tabase
da-
1994 1.3E+01 EU-COMMPS (1999) tabase
da-
1995 1.7E+01 EU-COMMPS (1999) tabase
da-
1996 1.7E+01 EU-COMMPS (1999) tabase
da-
1995 7.5E+01 EU-COMMPS (1999) tabase
da-
1994 1.9E+01 EU-COMMPS (1999) tabase
da-
1995 1.2E+01 EU-COMMPS (1999) tabase
da-
1995 1.3E+01 EU-COMMPS (1999) tabase
da-
1995 2.6E+01 EU-COMMPS (1999) tabase
da-
1996 5.7E+01 EU-COMMPS (1999) tabase
da-
1995 4.3E+01 EU-COMMPS (1999) tabase
da-
1996 1.1E+01 EU-COMMPS (1999) tabase
da-
1997 2.2E+01 EU-COMMPS (1999) tabase
da-
1995 1.0E+01 EU-COMMPS (1999) tabase
da-
1996 1.0E+01 )9991SPMMOC-UE da-
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Sediment [ng/g dw] 2426 1996 1.0E+01
Sediment [ng/g dw] 2501 1995 1.5E+01
Sediment [ng/g dw] 2501 1996 1.0E+01
Sediment [ng/g dw] 2502 1995 2.5E+01
tabase
EU-COMMPS (1999) da­
tabase
EU-COMMPS (1999) da­
tabase
EU-COMMPS (1999) da­
tabase
EU-COMMPS (1999) da­
tabase
1http://tarantula.nilu.no/projects/ccc/emepdata.html, visited May 2005. 2For comparison, the esti­
mated values were averaged over the two years. 3Depth of the soil compartment in Simplebox was 
adapted to fit measurement depth. www.waterstat.nl, visited December 2008. 5The COMMPS data­
set is an outcome of the Combined Monitoring-based and Modelling-based Priority Setting proce­
dure. It contains concentrations in sediment from various member states. More information can be 
found on http://ec.europa.eu/environment/water/water-framework/preparation_priority_list.htm.
C.5: Estimated versus observed concentrations in 4 scenarios
a) air b) soil
observed observed
c) sediment
observed
d) organisms
observed
Figure C.3. Estimated versus observed concentrations in the 'steady-state' scenario.
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a) air b) soil
observed observed
c) sediment
observed
d) organisms
observed
Figure C.4. Estimated versus observed concentrations in the 'uniform environment' sce­
nario.
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a) air b) soil
observed observed
c) sediment
observed
d) organisms
observed
Figure C.5. Estimated versus observed concentrations in the 'emissions to air only' sce­
nario.
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a) air b) soil
observed observed
c) sediment
observed
Figure C.6. Estimated versus observed concentrations in the 'uniform emissions' sce­
nario.
d) organisms
observed
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D.1: Substance name abbreviations
Table D.1. Abbreviations used in the tables in Chapter 5.
D: Supporting Information for Chapter 5
Abbreviation Substance name
Ac Acenaphtene
Ant Antracene
BaA Benzo(a)anthracene
BaP Benzo(a)pyrene
BeP Benzo(e)pyrene
BbF Benzo(b)fluoranthene
BkF Benzo(k)fluoranthene
BghiPe Benzo(g,h,i)perylene
Chr Chrysene
dBahA Dibenzo(ah)anthracene
Fle Fluorene
Flu Fluoranthene
InP Indeno(1,2,3-c,d)pyrene
Phen Phenanthrene
Pyr Pyrene
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D.2: Data Sources
Table D.2. Sampling locations, periods, compartments and variables measured.
Sampling
location
Sampling
period Solids Measured variables References
Mesocosms,
Wadden
Sea
1990­
1993 Sediment
Concentration in sediment 
(Cs), BC inclusive organic 
carbon fraction (fTOC), con­
centration in biota (Ci), lipid 
fraction of biota
Vethaak et al. 
(1996)
Western
Scheldt 1987
Sediment,
suspended
solids
Concentration in sediment 
(Cs), organic matter fraction 
(fOM), concentration in biota 
(Ci), lipid fraction of biota
Stronkhorst
(1988)
Western
Scheldt 2005
Sediment,
suspended
solids
Concentration in sediment 
(Cs), BC inclusive organic 
carbon fraction (fTOC), con­
centration in biota (Ci), lipid 
fraction of biota
Van den Heu- 
vel-Greve et al. 
(2006)
Rhine- 
Meuse Delta 1990
Suspended
solids
Concentration in sediment 
(Cs), organic matter fraction 
of solids fOM, concentration 
in biota (Ci), lipid fraction of 
biota
Hendriks
(1995b)
Rhine- 
Meuse Delta 1994
Suspended
solids
Concentration in sediment 
(Cs), organic matter fraction 
(fOM), concentration in biota 
(Ci), lipid fraction of biota
Hendriks
(1995b)
Biesbosch 1993 Sediment
Concentration in sediment 
(Cs), organic matter fraction 
(fOM), concentration in biota 
(Ci), lipid fraction of biota
Reinhold (1999)
IJmuiden 1992 Soil
Concentration in sediment 
(Cs), organic matter fraction 
(fOM), concentration in biota 
(Ci), lipid fraction of biota
Van Brummelen 
(1995)
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D.3: Validation data
Table D.3. PAH concentrations and organic carbon fractions in sediment measured by Vethaak et al. (1996) in experimental tanks near 
Texel.
Date Organiccarbon Ant BaA BaP BbF BeP BghiPe BkF Chr dBahA Flu InP Phen Pyr
%
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
07-05­
1992 7.4 391 1274 1966 2483 1684 2075 1027 1621 284 3665 2446 2281 2545
07-05­
1992 5.6 1412 3374 4846 6060 4199 4418 2558 4248 497 9108 4752 5585 6356
10-11­
1990 4.9 562 1826 3020 3773 2685 3127 1679 2483 397 5061 4319 2937 3462
10-11­
1990 5.2 1157 3370 4761 6167 4337 4510 2740 4290 617 8989 5274 5587 6098
04-11­
1992 5.6 470 1336 1648 1931 1683 1773 1037 1451 183 4009 1782 2637 2947
03-11­
1992 4.9 2064 3542 3844 5531 4178 4178 2399 3674 430 8603 3727 6771 6394
05-11­
1992 5.2 6542 10603 10093 14534 11151 9767 6397 8477 1016 20847 10351 12877 16485
28-04­
1993 6.0 486 1478 1790 2736 1920 1864 1191 1683 247 3954 2367 3013 3004
27-04­
1993
6.0 2190 4869 5578 8177 5692 170 3247 5360 620 11661 6992 7913 8226
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150 T ab le  D .4. PAH c o n c e n tra tio n s  an d  o rg a n ic  an d  b lack  ca rb o n  fra c tio n s  m e a s u re d  by Van d en  H eu v e l-G rev e  e t  al. (2 0 0 6 ) .
Location organic black 
carbon carbon Ac Ant BaA BaP BbF BeP BghiPe BkF Chr dBahA Fle Flu InP Phen Pyr
ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg
% % a organic organic organic organic organic organic organic organic organic organic organic organic organic organic
carbon carbon carbon carbon carbon carbon carbon carbon carbon carbon carbon carbon carbon carbon
sediment 1 
Terneuzen
0.2 1667 206 4468 4640 9966 6014 4983 2921 4640 2234 2921 11169 3093 6186 9279
suspended 
solids 4.2 0.6 427 701 3251 3570 6183 1339 3378 1976 3506 892 1020 6374 2295 3570 5163
Terneuzen
a : acco rd in g  to  th e  CTO 3 7 5  m e th o d  (G u s ta fs so n  e t  a l., 1 997)
T ab le  D .5. PAH c o n c e n tra tio n s  in s u s p e n d e d  so lid s m e a s u re d  by S tro n k h o rs t  (1 9 8 8 ) .
Location Organiccarbon Ac A n t B aA BaP B bF  BeP B ghiP B kF C hry D B ahA Fle Flu InP Phen P yr
%
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg ug/kg 
organic organic 
carbon carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
te 
ld c
a
^o
oL
U 5 3600 1560 3560 3560 5879 3820 3440 2700 3260 416 7660 2020 3863 7200 7100
W ester­
schelde
Central
4.7 4245 1571 3714 4460 5879 3820 3566 2696 3948 346 8256 2696 3863 11737 6877
W ester­
schelde
West
3.4 2229 1218 3560 3714 5200 3269 3031 2377 3417 416 7191 1337 3655 5438 5497
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T ab le  D .6 . PAH c o n c e n tr a tio n s  in s e d im e n t  m ea su red  by S tro n k h o rst ( 1 9 8 8 ) .
Location Organic carbon BaP BbF BghiP BkF Flu InP
% u/kg organic carbon
u/kg organic 
carbon
u/kg organic 
carbon
u/kg organic 
carbon
u/kg organic 
carbon
u/kg organic 
carbon
Westerschelde East 1,1 0.3 4000 0
Westerschelde East 2,1 0.3 8000 20000 16000 8000 28000 16000
Westerschelde Central 1,1 2.4 2500 6250 3750 2500 8333 4583
Westerschelde Central 3,1 0.3 4000 8000 4000 0 12000 4000
Westerschelde W est 1,1 0.3 4000 8000 4000 4000 12000 4000
Westerschelde W est 3,1 1.0 9000 12000 10000 4000 17000 8000
T ab le  D .7. PAH c o n c e n tra tio n s  in s u s p e n d e d  so lid s m e a s u re d  by H endriks e t  al. (2 0 0 1 ) .
Location Organiccarbon Ant BaA BaP
BbF BghiPe BkF Chr dBahA Flu InP Phen Pyr
%
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
ug/kg or­
ganic car­
bon
Rijn, Lobith 10 3272 9146 10448 13532 8319 5758 9233 2056 20634 8026 14055 16426
Maas, Eijsden 10 1748 8933 9344 15367 9860 5899 9827 1547 18578 9991 8489 18364
IJsselmeer 10 523 649 799 1051 836 587 733 bd 1412 776 1172 1193
Hollands Diep 10 2468 6892 8160 12161 7971 5267 7018 1698 15046 72359 9659 12832
bd = below  d e te c tio n  limit
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T ab le  D .8. PAH c o n c e n tra tio n s  in s u s p e n d e d  so lid s m e a s u re d  by H endriks (1 9 9 5 b ) .
Location Organic
carbon Ant BaA BaP
BbF BghiPe BkF Chr Flu InP Phen
%
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
ug/kg
organic
carbon
Haringvliet-West 
Markermeer 
Rijn, Lobith 
Haringvliet-East 
Hollands Diep 
Ketelmeer 
Nieuwe Merwede
10
10
10
10
10
10
10
6000
2000
12000
12000
12000
12000
12000
6000
1000
10000
10000
10000
10000
10000
8000
1000
13000
13000
13000
13000
13000
12000
2000
17000
17000
17000
17000
17000
8000
1000
11000
11000
11000
11000
11000
5000
1000
7000
7000
7000
7000
7000
7000
1000
11000
11000
11000
11000
11000
15000
2000
27000
27000
27000
27000
27000
7000
1000
9000
9000
9000
9000
9000
29000
2000
51000
51000
51000
51000
51000
T ab le  D .9. PAH c o n c e n tra tio n s  in s e d im e n t m e a su re d  by R einhold e t  al . (1 9 9 9 ) .
Location Organiccarbon
Ant BaA BaP BbF BghiPe BkF Chr Flu Pyr
% ug/kg organicug/kg organicug/kg organic ug/kg organicug/kg organic ug/kg organic ug/kg organicug/kg organicug/kg organic 
% carbon carbon carbon carbon carbon carbon carbon carbon carbon
Rijn, Biesbosch 5 4860 11800 13300 20900 0 7810 15100 22500 20000
A
ppendix 
D
153
T ab le  D .1 0 . PAH c o n c e n tr a tio n s  (a v e r a g e s )  in soil m ea su red  by Van B ru m m elen  ( 1 9 9 5 ) .
Location Organiccarbon
[%]
Ant
ug/kg or­
ganic car­
bon
BaA
ug/kg or­
ganic car­
bon
BaP
ug/kg or­
ganic car­
bon
BbF
ug/kg or­
ganic car­
bon
BkF
ug/kg or­
ganic car­
bon
Chr
ug/kg or­
ganic car­
bon
Fle
ug/kg or­
ganic car­
bon
Flu
ug/kg or­
ganic car­
bon
Phen
ug/kg or­
ganic car­
bon
Pyr
ug/kg or­
ganic car­
bon
1 3.1 3099 12031 13240 26252 9415 13960 2870 22852 15987 14221
2 3.3 2242 9267 9688 18143 5265 10110 2221 17512 11584 11343
3 3.8 1139 6563 6774 13653 3664 5614 920 13732 8118 9357
4 3.7 947 4869 5059 5685 2965 6446 952 9819 6446 6501
5 4.4 565 2792 2927 6890 1777 3873 574 5854 3648 5314
6 4.3 512 3214 3260 7219 2000 4122 603 6614 3889 4052
7 3.8 422 2549 1202 7143 1845 4191 424 5667 3743 3532
8 4.7 336 2110 0 5971 1515 3485 1252 4951 2933 4314
9 3.5 244 1638 0 5667 1343 3173 989 4533 2751 3627
10 6.1 129 855 989 3367 843 320 820 2558 1408 1683
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154 T ab le  D .11. PAH c o n c e n tra tio n s  in M ytilus ed u lis  m e a su re d  by V e th a a k  e t  al. (1 9 9 6 ) .
Date lipid Ant BaA BaP BbF BeP BghiPe BkF Chr dBahA Flu InP Phen Pyr
%
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
21-11­
1990 8 27 80 38 164 159 69 59 274 1 974 522 505 555
20-11­
1990 9 36 386 109 509 849 169 153 793 13 2426 467 827 1658
07-05­
1992 10 12 26 17 60 71 36 22 99 2 509 387 390 209
05-05­
1992 11 27 180 62 308 566 106 98 322 6 1343 354 443 897
04-11­
1992 8 31 127 84 349 296 158 98 440 9 910 115 578 558
03-11­
1992 9 75 315 172 556 834 234 168 241 27 1759 133 587 1595
05-11­
1992 9 189 1159 662 1534 1946 540 511 594 24 3225 376 715 3434
28-04­
1993 8 7 45 30 127 151 79 45 153 1 547 55 335 256
26-04­
1993 8 24 153 63 301 454 79 104 113 9 854 59 360 676
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T ab le  D .1 2 . PAH c o n c e n tr a tio n s  in A renicola m arina m ea su red  by V eth a a k  e t  al. ( 1 9 9 6 ) .
Date lipidweight Ant BaA BaP BbF BeP BghiPe BkF Chr dBahA Flu InP Phen Pyr
%
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg lipid 
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
ug/kg
lipid
weight
21-11­
1990 6 21 156 185 507 427 227 248 1108 16 738 699 395 1250
20-11­
1990 6 15 167 157 906 717 265 218 789 27 1187 675 511 1253
07-05­
1992 7 13 72 166 557 456 157 149 321 11 947 326 359 870
06-05­
1992 5 34 302 503 1369 1174 381 391 901 30 1408 811 485 1529
04-11­
1992 4 9 56 128 363 287 126 92 170 11 498 74 305 491
03-11­
1992 5 35 260 348 1212 999 352 349 372 30 1175 247 361 1186
28-04­
1993 7 12 53 66 549 418 152 114 164 9 711 38 195 592
27-04­
1993 6 23 257 320 1451 1194 388 432 239 29 1252 250 270 1221
06-05­
1992 5 34 302 503 1369 1174 381 391 901 30 1408 811 485 1529
T ab le  D .13. PAH c o n c e n tra tio n s  in C e ra s to d e rm a  ed u le  an d  A renicola m arin a  m e a s u re d  by Van d en  H eu v e l-G rev e  e t  al. (2 0 0 6 ) .
Species lipid Ac Ant BaA BaP BbF BeP BghiPe BkF Chr dBahA Fle Flu InP Phen Pyr
ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg
% lipid lipid lipid lipid lipid lipid lipid lipid lipid lipid lipid lipid lipid lipid lipid
weight weight weight weight weight weight weight weight weight weight weight weight weight weight weight
Arenicola
marina
1.8 22 17 72 250 889 833 167 106 328 67 722 44 89 233 833
Cerastoderma
edule
1.1 27 4 136 118 391 336 <5 118 273 55 55 745 64 482 436 A
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156 T ab le  D .14. PAH c o n c e n tra tio n s  in A renicola m arin a  m e a s u re d  by S tro n k h o rs t  (1 9 8 8 ) .
Location lipid
%
Ac
ug/kg
lipid
weight
Ant
ug/kg
lipid
weight
BaA
ug/kg
lipid
weight
BaP
ug/kg
lipid
weight
BbF
ug/kg
lipid
weight
BeP
ug/kg
lipid
weight
BghiP
ug/kg
lipid
weight
BkF
ug/kg
lipid
weight
Chry
ug/kg
lipid
weight
DBahA
ug/kg
lipid
weight
Fle
ug/kg
lipid
weight
Flu
ug/kg
lipid
weight
InP
ug/kg
lipid
weight
Phen
ug/kg
lipid
weight
Pyr
ug/kg
lipid
weight
Westerschelde 
East 3 6.8 6.3 1.4 39.2 7.2 137 165 30 44 154 5 9.7 177 13 38.2 266
Westerschelde 
East 4 5.1 7.4 1.4 27.8 7.7 101.6 115.3 24 33.9 100.2 5.2 7.9 113 14.2 40 177.5
Westerschelde 
Central 1 6.2 8.1 2.1 30.3 7.3 138 146.5 35.1 50.5 128.8 5.1 11.1 167.3 18.2 48.2 224.4
Westerschelde 
W est 1 3.5 2.6 15.6 8 74.1 69.8 19.6 24.2 51.8 7.7 102.9 11.2 34.9 93.6
Westerschelde 
W est 2
Westerschelde 
Central 1,1a 
Westerschelde 
Central 1,1b 
Westerschelde 
W est 2,1
4.1
6.2 
3.5 
4.1
4.2 0.7 8 2.2
7.3
8
2.2
64.9 
138 
74.1
64.9
44 12.5 
35.1
19.6 
12.5
17.6
50.5 
24.2
17.6
43 6.4 89.7  
167.3 
102.9
89.7
7.9 
18.2 
11.2
7.9
30.9 65.5
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T ab le  D .1 5 . PAH c o n c e n tr a tio n s  in N ereis d iv ersico lo r  m ea su red  S tro n k h o rst ( 1 9 8 8 ) .
Location lipid Ant BaA BaP BbF BeP BghiP BkF Chry Fle Flu Phen Pyr
ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg
% lipid lipid lipid lipid lipid lipid lipid lipid lipid lipid lipid lipid
weight weight weight weight weight weight weight weight weight weight weight weight
Westerschelde 
East 1 4.2 0.7 3.8 2.2 11.3 18.9 2.1 2.3 9.3 4.8 30.8 25.2 47.3
Westerschelde 
East 2 3.0 0.6 3.6 2.1 7.8 10.5 2 2.1 0 3.5 21.6 17.8 35.5
Westerschelde 
Central 1 5.8 0.7 7.7 3 16.7 20.2 4.9 3.9 14.8 3.7 52.1 26.2 50.8
Westerschelde 
West 1 2.9 0.7 1.6 0.5 4 3.9 2.1 1 5.5 3.2 24.2 19.1 14.7
Westerschelde 
West 3 5.7 1.2 4.7 1.3 14 14.6 3.9 3 11.6 6.9 51.4 38 32.3
Westerschelde 
East 1,1 4.2 2.1 30.8
Westerschelde 
East 2,1 3.0 2.1 7.8 2 2.1 21.6
Westerschelde 
Central 1,1 5.8 3 16.7 4.9 3.9 52.1
Westerschelde 
W est 1,1 2.9
Westerschelde 
W est 3,1 5.7
T ab le  D .16. PAH c o n c e n tra tio n s  in D re issen a  p o ly m o rp h a  m e a s u re d  by H endriks e t  al. (2 0 0 1 ) .
Location lipid Ant BaA BaP BbF BghiP BkF Chry dBahA Flu InP Phen Pyr
ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg
% lipid
weight
lipid
weight
lipid
weight
lipid
weight
lipid
weight
lipid
weight
lipid
weight
lipid
weight
lipid
weight
lipid
weight
lipid lipid 
weight weight
Rijn, Lobith 1.8 56 1100 330 1100 170 220 28 1800 56 280 670
Maas,
Eijsden 1.9
1100 13000 790 3300 26 840 3400 26 14000 110 6200 6400
IJsselmeer 09 43 74 210 640 210 210 430 53 850 53 210 320
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Tab le  D .1 7 . PAH concentrations in Dreissena polym orpha m easured by Hendriks (1 9 9 5 b ).
Location lipid Ant BaA BaP BbF BghiP BkF Chry Flu InP Phen
ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg l ug/kg ug/kg ug/kg
% lipid lipid lipid lipid lipid lipid ipid lipid lipid lipid
weight weight weight weight weight weight weight weight weight weight
Haringvliet-
West
1.8 bd 1222 278 1667 167 278 944 1667 bd 278
Haringvliet-
East
2.0 127 5076 812 3198 457 1168 1777 10812 305 1472
Hollands
Diep
2.0 80 959 878 1939 1347 796 2245 2858 1408 1286
Ketelmeer 1.3 120 640 320 680 120 320 1600 2040 320 440
Tab le  D .1 8 . PAH concentrations in ju v en ile  chironom ids m easured by Reinhold e t al. (1 9 9 9 ) .
Location Ant BaA BaP BbF BkF Chry Flu Pyr
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
Rijn, Biesbos 22 125 53 323 103 338 2930 2013
Tab le  D .1 9 . B iota-Solids Accum ulation Factor (BSAF) in Lum bricus rubellus reported by Van B rum m elen (1 9 9 5 ) .
BSAF BaA BaP BbF BkF Chr Flu Phen Pyr
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
ug/kg lipid 
weight
average 0.2 0.4 0.5 0.4 0.7 0.2 0.3 0.7
standard deviation 0.7 0.7 0.9 0.7 0.8 0.8 0.8 1.3
A
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D.4: Black carbon fractions
Organic carbon fractions from literature used in Chapter 5.
T ab le  D .20. B lack ca rb o n  frac tio n s  (fBC) fo r s e d im e n ts  ta k e n  from  lite ra tu re  rev iew ed  by 
C o rn e lissen  e t  al. (2 0 0 6 ) .
Muri et al. 
(2002)
Gelinas et 
al. (2001)
Lim and 
Cachier 
(1996)
Accardi- 
Dey and 
Gschwend 
t (2003)
Moermond 
et al. 
(2005)
Guo et al. 
(2004)
Cornelis- 
sen and 
Gustafsso 
n (2004)
Van den 
Heuvel et 
al. (2005)
1.7E-03 6.9E-03 4.0E-04 7.0E-03 3.2E-03 3.9E-04 2.4E-04 2.4E -04
2.5E-03 9.0E-04 2.0E-04 8.4E-03 3.1 E-03 7.5E-04 8.4E-04 2.5E-03
2.7E-03 9.3E-03 1.9E-03 6.6E-03 3.6E-03 1.9E-04 1.5E-03 2.3E-03
8.5E-04 6.6E-03 5.0E-04 1.2E-02 5.7E-04 1.1 E-03 1.3E-03
1.2E-03 3.7E-03 7.0E-04 8.4E-03 1.3E-03 7.2E-03 1.3E-02
1.3E-03 7.5E-03 7.0E-04 8.6E-03 1.5E-04 2.1E-02
1.8E-03 5.4E-03 3.8E-03 6.7E-03 5.2E-04 1.0E-02
8.6E-04 1.0E-02 2.5E-03 9.6E-03 6.8E-04 4.8E-03
3.7E-03 1.7E-02 9.0E-04 2.7E-03 1.1 E-03 9.1 E-03
4.7E-04 1.9E-02 5.0E-04 2.9E-03 1.4E-03 4.8E-03
4.3E-04 3.0E-03
3.7E-03
1.0E-03 2.6E-03 
4.0E-03 
4.4E-03 
2.1 E-03 
1.8E-03 
2.2E-03 
2.4E-03 
1.8E-03
2.5E-03
9.5E-04
1.1 E-03 
2.4E-04 
8.4E-04 
1.5E-03
1.1 E-03 
7.2E-03
1.2E-03
1.4E-01
2.3E-03 
1.1 E-03 
5.0E-04 
1.5E-03 
2.0E-03 
5.0E-04 
3.4E-03 
1.6E-02 
9.0E-04 
5.0E-04 
3.0E-04
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T ab le  D .20. B lack ca rb o n  frac tio n s  (fBC) fo r s e d im e n ts  ta k e n  from  lite ra tu re  rev iew ed  by 
C o rn e lissen  e t  al. (2 0 0 6 ) (c o n tin u e d ).
Middel­
burg et 
al. 
(1999)
Song et 
al. 
(2002)
Gustafs 
son and 
Gschwe 
ndt 
(1998)
Persson 
et al. 
(2002)
Mitra et 
al. 
(2002)
Mannino
and
Harvey
(2004)
Reddy 
et al. 
(2002)
5.3E-04 2.6E-02 6.6E-03 9.0E-05 3.8E-03 1.5E-03 8.0E-03
6.7E-04 1.5E-02 2.7E-03 1.7E-04 4.2E-03
3.4E-04 5.0E-03 1.8E-03 6.0E-05 5.5E-03
3.9E-04 3.7E-03 5.0E-05 7.8E-03
4.5E-04 6.9E-03 3.0E-05 4.7E-04
9.0E-04 7.2E-04 1.3E-04 7.6E-04
7.0E-04 7.1 E-04 1.7E-04
3.6E-04 3.4E-04 3.1 E-03
1.6E-03 2.9E-04 4.0E-05
1.4E-03 3.2E-04 6.0E-05
2.3E-03 4.2E-04 1.0E-04
1.9E-03 1.1 E-03 7.0E-05
2.4E-03 1.1 E-04
3.2E-03 7.5E-04
2.7E-03 1.7E-03
3.8E-03 1.2E-03
8.0E-03 1.4E-03
8.9E-03
3.6E-03
4.5E-03
3.9E-03
1.0E-03
3.7E-04
9.3E-04
3.4E-04
7.4E-04
9.0E-04
1.2E-03
2.4E-03
2.8E-03
1.5E-03
8.6E-04
6.6E-03
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Table  D .2 1 . Black carbon fractions ( fBC) fo r soil taken  from  lite ra tu re  review ed by Cor- 
nelissen et al. (2 0 0 6 ) .
Muri et al. 
(2002)
Accardi- 
Dey and 
Gschwendt 
(2003)
Van den 
Heuvel et 
al. (2005)
Song et al. 
(2002)
Bucheli et 
al. (2004)
Ribes et 
al. (2003)
Schmidt et 
al. (1999)
Skjemstad 
et al. 
(1996)
7.3E-04 3.0E-04 4.0E-04 9.3E-03 1.7E-03 7.6E-04 1.5E-01 4.9E-03
1.5E-03 3.0E-04 4.0E-04 2.5E-03 2.5E-04 2.7E-01 8.0E-03
3.8E-03 5.0E-04 5.2E-04 4.5E-02 1.3E-02
5.2E-03 1.0E-03 1.3E-02 1.4E-01 1.6E-03
1.5E-03 2.9E-03 2.6E-03 8.3E-02 3.6E-03
7.0E-04 1.6E-03 1.1E-01 1.1E-02
3.1E-03 1.5E-02 1.4E-01 8.8E-03
7.3E-03 1.7E-01 2.4E-02
2.8E-03 4.3E-01 4.0E-02
3.9E-02 1.7E-01 2.9E-03
5.4E-02 2.7E-01 3.7E-03
1.3E-02 8.0E-02 7.3E-03
7.6E-03 4.7E-02 3.1E-02
4.3E-04 3.0E-02 4.4E-02
6.0E-03 5.3E-02 5.9E-02
2.7E-03 1.1E-02
7.4E-03 1.6E-02
7.2E-02 2.9E-02
2.3E-02 2.2E-03
3.4E-03 1.7E-03
6.0E-03 2.4E-02
1.1E-02 1.4E-03
3.1E-03 5.9E-03
1.0E-02
D.5: Derivation of the concentration in water C0,w
The difference between the measured concentration in the solids (Cs,measured) and the Cs 
calculated from Equation 5.4 is fitted to become zero by changing the concentration in water 
C0,w (other parameters are known or derived from the frequency distributions in the Monte 
Carlo Analysis (Table 5.3)):
C s,m easured ~f O C  ' f lso ' K ow ' C0,w + f B C  ‘ K B C  ‘ C0,w =  0 (D-1)
D.6 : Assessment of the uncertainty in the Freundlich constant Kf
The Freundlich constant Kf is related to the octanol-water partition coefficient (Kow) by re­
gression analyses according to
lo g F  =  a + b x lo g  X  (D.2)
with log Kf as dependent and log Kow as independent regression parameter and a and b as re­
gression coefficients. The values of the regression coefficients in this relation are represented 
in Table D.22.
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T ab le  D .22. R eg ressio n  p a ra m e te rs  fo r th e  F reundlich  c o n s ta n t  Kf (K o e lm an s e t  a l., 
2 0 0 6 ).
S u b s ta n c e Log Kow Log Kf
p h e n a n th re n e 4 .6 6 .0
a n th ra c e n e 4 .6 6 .1
p y re n e 5 .2 6 .3
b e n z o (b )f lu o ra n th e n e 5 .8 6 .5
f lu o ra n th e n e 5 .2 6 .6
b e n z o (a )a n th ra c e n e 5 .9 7 .0
b e n z o (e )p y re n e 6 .4 7 .0
c h ry se n e 5 .8 7 .1
b e n z o (k )f lu o ra n th e n e 6 .2 7 .1
b e n z o (a )p y re n e 6 .0 7 .2
d ib e n z o (a h )a n th ra c e n e 7 .0 7 .5
b e n z o (g h i)p e ry le n e 6 .9 8 .0
in d e n o (1 2 3 c d )p y re n e 7 .0 8 .1
T ab le  D .23. R eg ressio n  co effic ien ts  fo r th e  F reundlich  c o n s ta n t  Kf (K o e lm an s e t  a l., 
2 0 0 6 ) .
N a b r2
13 2 .6 0 .7 0 .9
The confidence interval for the expected value of Y can be described as follows (Mendenhall 
and Beaver, 1994):
Y  =  Y  +  t n - 2  ' s ,y 
In which:
Y Uncertain dependent regression parameter (Kf)
Y  expected value for the dependent regression parameter Y
tn-2 central Student t-distribution with n-2 degrees of freedom, where n is to 
the number of measurements and 2 refers to the number of parameters 
of the fitted regression line
sv standard error of the mean for Y , calculated as
(D.3)
s y =■
1 (xp -  x) 
— + F 
n
2
Sxx
in which xp the value of X for which the expected value of Y is determined;
2 SSE
s2 = -------
n -  2
SSE = Syy - -
(Sxy)
S,
n n ( X y i ) 2
S yy = X (y i - ÿ ) 2 = X y f  - - i - 1- — 
i =1 i =1 n
2s
2
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n n (X x i ) (X y i )
S xy = X ( x i - x)(y i - y) = X x i y i - -
n n  
x i
xi  y i=1 i=1
• i -i ni=1 i=1
n
n n (X x i )2 
Sxx = X (xi -  x)2 =X x ,2 ---
■ i  Ì i ni=1 i=1
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E: Supporting Information for Chapter 6 
E.1: Data used for allometric regressions.
Rate constants and therefore regression coefficients in invertebrates are also needed for 
calculation of concentrations in fish and increases general applicability of the parameters. Ad­
ditionally, for some regressions only few data for fish were available (see Table E.1 and E.2 
on water absorption-excretion and food ingestion). We therefore chose to use one coefficient. 
We also checked effects of excluding invertebrates in the regressions for food ingestion and 
production and the changes in expected transport coefficients are small (within a factor of 
1.3).
T ab le  E .1. D ata fo r th e  a llo m etric  re g re ss io n  fo r w a te r  ab so rp tio n  an d  ex c re tio n .
sp ec ie s
sp e c ie s  
w e ig h t m 
[kg w e t 
w e ig h tl
w a te r  in tak e  
r a te  c o n s ta n t  kw 
[kg /  kg w e t 
w e ig h t /  d l
so u rc e
zo o p lan k to n 3 .6 E -0 8 2 .3 E + 0 5 P e te rs  an d  D ow ning (1 9 8 4 )
D aphn ia  pulex 4 .9 E -0 8 5 .7 E + 0 4 R ead ing  an d  B uikem a (1 9 8 0 )
P erna v iridis 4 .3 E -0 4 1 .5 E + 0 5 Shi an d  W ang (2 0 0 4 a )
M ytilus edu lis 6 .4 E -0 4 2 .7 E + 0 8 W iddow s e t  al. (1 9 9 5 )
L am ellidens m arg in a lis 2 .5 E -0 2 9 .4 E + 0 1 R ad h ak rish n a iah  e t  al. (1 9 9 1 )
M actra v e n e rifo rm e s 4 .5 E -0 2 2 .9 E + 0 4 Shi an d  W ang (2 0 0 4 b )
O n co rh y n ch u s  m ykiss 8 .6 E -0 2 4 .7 E + 0 2 B odding ton  e t  a l .(1 9 7 9 )  
R eed e rs  an d  Bij d e  V aa te
D re issen a  p o ly m o rp h a 2 .3 E -0 3 7 .2 E + 0 2 (1 9 9 0 ) Roditi e t  al. (1 9 9 6 )
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T ab le  E .2. D ata fo r th e  a llo m etric  re g re ss io n  fo r p ro d u c tio n .
sp e c ie s  c lass
sp e c ie s  w e ig h t m 
[kg w e t w e igh t]
p ro d u c tio n  ra te  c o n s ta n t  
kp
[kg /  kg w e t w e ig h t /  d l
so u rc e
n v e r te b ra te a 6 .8 E -0 6 1 .2E -02 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 3 .0 E -0 3 7 .7 E -0 4 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 3 .3 E -0 4 6 .8 E -0 4 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 3 .0 E -0 5 1 .2E -02 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 3 .0 E -0 3 1 .2E -03 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 5 .0 E -0 5 4 .2 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .8 E -0 6 8 .5 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .4 E -0 4 6 .7 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .4E -07 6 .4 E -0 2 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .8 E -0 8 1 .6E -01 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .0E -07 5 .8 E -0 2 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 4 .5 E -0 8 8 .2 E -0 2 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .2E -05 5 .5 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 5 .0 E -0 5 6 .6 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 2 .5 E -0 5 5 .8 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 2 .4 E -0 5 4 .9 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .0E -05 1 .1E -02 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 2 .4 E -0 5 1 .2E -02 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 8 .0 E -0 5 9 .1 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 4 .2 E -0 5 1 .0E -02 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .2E -05 1 .1E -02 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .2E -05 1 .4E -02 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 5 .0 E -0 6 4 .7 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .3E -05 5 .5 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .5E -05 5 .3 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .5E -05 4 .4 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 3 .8 E -0 5 3 .8 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 3 .7 E -0 6 4 .8 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 6 .2 E -0 6 7 .1 E -0 3 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 2 .8 E -0 6 1 .2E -02 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 4 .7 E -0 6 1 .5E -02 B an se  and M osher ( 9 8 0 )
n v e r te b ra te a 1 .5E -03 2 .2 E -0 3 B an se  and M osher ( 9 8 0 )
O s te ic h th y e s 1 .1 E + 0 0 5 .7 E -0 4 B an se  and M osher ( 9 8 0 )
O s te ic h th y e s 6 .2 E -0 1 1 .1E -03 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 1 .8E -01 2 .1 E -0 3 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 1 .9E -01 1 .7E -03 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 2 .6 E + 0 0 2 .1 E -0 3 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 7 .2 E -0 1 1 .9E -03 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 1 .6 E + 0 0 1 .5E -03 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 2 .9 E -0 1 1 .8E -03 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 1 .3E -01 1 .9E -03 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 1 .3E -01 6 .7 E -0 3 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 5 .0 E -0 1 1 .9E -03 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 8 .4 E -0 1 1 .7E -03 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 1 .2 E + 0 0 1 .7E -03 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 1 .5E -01 1 .2E -03 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 4 .0 E -0 1 9 .0 E -0 4 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 1 .9E -01 3 .2 E -0 3 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 2 .3 E + 0 0 2 .1 E -0 3 D ow ning an d  P lan te (1 9 9 3 )
O s te ic h th y e s 2 .1 E + 0 0 2 .0 E -0 3 D ow ning an d  P lan te (1 9 9 3 )
165
Appendix E
O ste c h th y e s 1 .3 E + 0 0 3 .5 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .0 E + 0 0 3 .9 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 2 .8 E -0 1 2 .5 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 5 .3 E -0 2 1 .8E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .3E -01 5 .1 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 4 .2 E + 0 0 1 .6E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 6 .0 E -0 3 6 .3 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 3 .5 E -0 2 2 .7 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .6 E + 0 0 1 .7E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 3 .0 E + 0 0 1 .9E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 2 .7 E + 0 0 1 .2E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .2 E + 0 0 3 .2 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 3 .5 E -0 1 2 .3 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 8 .5 E -0 2 2 .6 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 3 .6 E -0 2 1 .1E -02 Dow ning and P lan te 1 993)
O ste c h th y e s 2 .9 E + 0 0 1 .4E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 4 .4 E -0 1 2 .7 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 4 .4 E -0 1 2 .5 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 5 .0 E -0 3 1 .4E -02 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .5 E + 0 0 1 .5E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 2 .8 E + 0 0 3 .0 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 2 .2 E -0 1 3 .6 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 5 .0 E -0 3 1 .8E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .0E -02 1 .3E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .8E -01 2 .0 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 2 .8 E -0 1 2 .7 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .9 E + 0 0 1 .9E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 8 .2 E -0 1 3 .1 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 8 .7 E -0 2 4 .5 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .5E -02 6 .8 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 7 .0 E -0 3 7 .9 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .9E -02 5 .5 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 2 .8 E -0 1 4 .1 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .9E -01 3 .8 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 4 .1 E -0 1 5 .4 E -0 4 Dow ning and P lan te 1 993)
O ste c h th y e s 2 .9 E -0 1 2 .0 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .1 E + 0 0 3 .4 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .0E -02 1 .6E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .5 E + 0 0 1 .1E -03 Dow ning and P lan te 1 993)
O ste c h th y e s 4 .0 E -0 3 2 .2 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .3E -01 3 .3 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 1 .1E -01 3 .0 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 4 .1 E -0 1 3 .6 E -0 3 Dow ning and P lan te 1 993)
O ste c h th y e s 2 .4 E + 0 0 3 .7 E -0 4 Dow ning and P lan te 1 993)
O ste c h th y e s 2 .1 E + 0 0 9 .9 E -0 4 Dow ning and P lan te 1 993)
O ste c h th y e s 5 .6 E -0 2 2 .2 E -0 3 Dow ning and P lan te 1 993)
T ab le  E .3. D ata fo r th e  a llo m etric  re g re ss io n  fo r food in g es tio n .
S p ec ies  c lass sp e c ie s  w e ig h t m 
[kg w e t w e ig h t]
in g estio n  ra te  c o n s ta n t  kf 
[kg /  kg w e t w e ig h t /  d]
S o u rce
in v e r te b ra te a
in v e r te b ra te a
in v e r te b ra te a
in v e r te b ra te a
2 .5 E -0 6
2 .5 E -0 6
3 .4 E -0 6
4 .0 E -0 6
2 .5 E -0 1
3 .8 E -0 1
1 .4E -01
1 .2E -01
C am m en  (1 9 8 0 ) 
C am m en  (1 9 8 0 ) 
C am m en  (1 9 8 0 ) 
C am m en  (1 9 8 0 )
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in v e r te b ra te a 5 .8 E -0 6 5 .2 E -0 1 C am m en (1 9 8 0 )
in v e r te b ra te a 1 .1E -05 6 .6 E -0 2 C am m en (1 9 8 0 )
in v e r te b ra te a 3 .4 E -0 5 6 .5 E -0 1 C am m en (1 9 8 0 )
in v e r te b ra te a 1 .1 E -0 4 1 .6E -02 C am m en (1 9 8 0 )
in v e r te b ra te a 1 .6 E -0 4 3 .1 E -0 2 C am m en (1 9 8 0 )
in v e r te b ra te a 1 .2 E -0 4 2 .2 E + 0 0 C am m en (1 9 8 0 )
in v e r te b ra te a 2 .4 E -0 4 1 .1 E + 0 0 C am m en (1 9 8 0 )
in v e r te b ra te a 6 .6 E -0 4 5 .0 E -0 1 C am m en (1 9 8 0 )
in v e r te b ra te a 7 .9 E -0 4 2 .8 E -0 2 C am m en (1 9 8 0 )
in v e r te b ra te a 8 .1 E -0 4 6 .8 E -0 2 C am m en (1 9 8 0 )
in v e r te b ra te a 4 .7 E -0 4 3 .9 E + 0 0 C am m en (1 9 8 0 )
in v e r te b ra te a 2 .2 E -0 3 1 .7 E + 0 0 C am m en (1 9 8 0 )
in v e r te b ra te a 2 .2 E -0 3 4 .6 E + 0 0 C am m en (1 9 8 0 )
in v e r te b ra te a 5 .5 E -0 3 9 .5 E -0 1 C am m en (1 9 8 0 )
in v e r te b ra te a 2 .6 E -0 2 2 .0 E -0 1 C am m en (1 9 8 0 )
reptil a /a m p h ib a 6 .5 E -0 3 2 .6 E -0 2 Farlow  ( 9 7 6 )
reptil a /a m p h ib a 7 .1 E -0 3 1 .8E -02 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 7 .9 E -0 3 4 .1 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .3E -02 9 .0 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .4E -02 1 .2E -01 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .4E -02 2 .4 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 3 .0 E -0 2 3 .8 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 3 .4 E -0 2 9 .6 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 4 .0 E -0 2 3 .9 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 4 .4 E -0 2 8 .9 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 6 .9 E -0 2 7 .7 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 7 .4 E -0 2 6 .9 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 7 .9 E -0 2 1 .8E -02 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 8 .0 E -0 2 5 .3 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .4E -01 1 .6E -02 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .4E -01 4 .0 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .4E -01 3 .9 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .5E -01 1 .4E -02 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .5E -01 7 .8 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .7E -01 1 .2E -01 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .8E -01 3 .8 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .9E -01 2 .8 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 2 .2 E -0 1 1 .1E -01 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 3 .0 E -0 1 1 .1E -01 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 3 .1 E -0 1 2 .0 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 3 .2 E -0 1 2 .7 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 3 .9 E -0 1 5 .4 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 8 .1 E -0 1 2 .5 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .0 E + 0 0 7 .2 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .0 E + 0 0 1 .0E -01 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .0 E + 0 0 1 .2E -02 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 1 .7 E + 0 0 1 .2E -02 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 2 .3 E + 0 0 1 .1E -02 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 2 .5 E + 0 0 3 .2 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 2 .8 E + 0 0 6 .8 E -0 3 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 3 .4 E + 0 0 2 .1 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 4 .3 E + 0 0 2 .7 E -0 2 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 4 .8 E + 0 0 1 .8E -02 Farlow  (1 9 7 6 )
reptil a /a m p h ib a 6 .0 E + 0 0 2 .1 E -0 2 Farlow  (1 9 7 6 )
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rep tilia /am p h ib ia 9 .0 E + 0 0 2 .3 E -0 2 Farlow  ( 1 976)
rep tilia /am p h ib ia 1 .7 E + 0 1 2 .3 E -0 2 Farlow  ( 1 976)
rep tilia /am p h ib ia 2 .8 E + 0 1 1 .4E -02 Farlow  ( 1 976)
rep tilia /am p h ib ia 4 .4 E + 0 1 1 .3E -02 Farlow  ( 1 976)
rep tilia /am p h ib ia 6 .0 E + 0 1 1 .5E -02 Farlow  ( 1 976)
rep tilia /am p h ib ia 7 .9 E + 0 1 2 .5 E -0 2 Farlow  ( 1 976)
rep tilia /am p h ib ia 1 .2 E + 0 2 3 .0 E -0 2 Farlow  ( 1 976)
rep tilia /am p h ib ia 2 .6 E + 0 2 1 .2E -02 Farlow  ( 1 976)
rep tilia /am p h ib ia 2 .7 E + 0 2 4 .0 E -0 3 Farlow  ( 1 976)
rep tilia /am p h ib ia 2 .8 E + 0 2 1 .0E -02 Farlow  ( 1 976)
rep tilia /am p h ib ia 3 .0 E + 0 2 6 .7 E -0 3 Farlow  ( 1 976)
rep tilia /am p h ib ia 4 .3 E + 0 2 1 .2E -02 Farlow  ( 1 976)
O s te ic h th y e s 5 .1 E -0 4 2 .2 E -0 1 Z h an g  an d  W ang (2 0 0 7 )
O s te ic h th y e s 4 .4 E -0 2 2 .9 E -0 1 D o m in g u es e t  al. 
(2 0 0 8 )
O s te ic h th y e s 1 .3E -02 9 .7 E -0 3 Azim e t  al. (2 0 0 3 )
O s te ic h th y e s 2 .0 E -0 4 7 .1 E -0 3 K ennedy  e t  al. (2 0 0 8 )
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E.2: Correlation matrices and variances
T ab le  E.4. C o rre la tio n  m a trix  u sed  in th e  M onte C arlo s im u la tio n  tak in g  into a c c o u n t all p a r a m e te r  u n c e rta in tie s .
Ln
pH2Ow
Ln
pH2Of
Ln
pCH21
Ln
pCH22 lnap lnaw lnaf b
Logit
pf2
Logit
pf3 1
t2oC
L
p
Logit
pCH22
Logit
pCH23
lnpH2Ow 1.000
lnpH2Of -0 .008 1.000
lnpCH21 0.479 0.021 1.000
lnpCH22 0.050 0.122 0.253 1.000
lnap -0 .647 -0.026 -0.521 -0.315 1.000
lnaw 0.058 -0.004 -0.090 -0.054 0.117 1.000
lnaf -0.373 -0.080 -0.291 -0.138 0.380 0.065 1.000
b 0.785 0.031 0.632 0.381 -0.825 0.142 -0.461 1.000
logitpf2 0.012 0.104 -0.001 -0.039 0.000 0.000 0.000 0.000 1.000
logitpf3 -0 .086 0.785 0.004 0.294 0.000 0.000 0.000 0.000 0.000 1.000
logitpCH21 -0 .034 0.046 0.002 0.118 0.000 0.000 0.000 0.000 0.000 0.000 1.000
logitpCH22 -0 .054 -0.573 0.003 0.184 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
logitpCH23 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
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Appendix E
E.3. Comparison of modelled and observed rate constants
Kow [-]
Kow [-]
Figure E .1. O b se rv ed  an d  e s t im a te d  ra te  c o n s ta n ts  an d  frac tio n s  fo r ch em ica l in tak e  via 
w a te r  (a ) ,  frac tio n  of s u b s ta n c e  a ss im ila te d  from  food (b ) an d  to ta l ch em ica l e lim ina tion  
ra te  (c). For frac tio n  of s u b s ta n c e  a ss im ila te d  from  food th e  50 th  p e rcen tile  is in d ica ted  
by a solid line an d  th e  90 p e rcen tile  co n fid en ce  in te rv a l by d a se d  lines. For pan e l a ) an d  
c) th e  follow ing sy m b o ls  app ly :
— 50 th  p e rcen tile  e s tim a tio n s  of fo r a m a ss  of 10 k g , ----- 90 p e rcen tile  co n fid en ce  of e s ­
t im a tio n s  in te rva l fo r a m a ss  of 10 k g ,— ■ — ■ — 5 0 th  p e rcen tile  e s tim a tio n s  fo r a m ass
o f 10-7 kg, ...........90  p e rcen tile  co n fid en ce  in te rv a l of e s tim a tio n s  fo r a m a ss  of 10 -7 kg; A
o b s e rv a tio n s  fo r m a ss  from  10-7 kg to  10-5 kg, o o b se rv a tio n s  fo r m a ss  from  10-5 kg to  
10 -3 kg, + o b se rv a tio n s  fo r m a ss  from  10-3 kg to  10-1 kg, x o b s e rv a tio n s  fo r m a ss  from  
10-1 kg to  10+1 kg.
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E.4: Data used in Figures 6.1-6.3
T ab le  E.5. O b se rv ed  (o b s) an d  e s t im a te d  (e s t)  ch em ica l in tak e  ra te  c o n s ta n ts  via w a te r  kX,in,w (H en d rik s , 1 9 9 5 b ; H endriks e t  a l ., 1 9 9 8 ; 
v an  d e r  Linde e t  a l., 2 0 0 1  an d  re fe re n c e s  th e re in ) .
Substance X Kow Species
Species
class
Species weight 
[kg]
kX,in,w, obs 
[l/kg/d]
kX,in,w est 
[l/kg/d]
1,2,3 -trichlorobenzene 1.4E+04 Pimephales promelas Osteichthyes 2.5E-04 6.9E+02 5.7E+02
1,2,3,4-tetrachlorobenzene 2.9E+04 Pimephales promelas Osteichthyes 2.5E-04 1.1E+03 7.7E+02
1,2,3,4-tetrachloronaphthalene 3.2E+05 Poecilia reticulata Osteichthyes 3.5E-04 5.0E+03 9.9E+02
1,2,3,4,6,7,8 -heptachlorodibenzo-p-dioxin 1.6E+08 Oncorhynchus mykiss Osteichthyes 3.0E-04 3.2E+01 1.1E+03
1,2,3,4,6,7,8,9-octachlorodibenzo-p-dioxin 4.0E+08 Oncorhynchus mykiss Osteichthyes 5.0E-04 3.6E+01 9.5E+02
1,2,3,4,7-pentachlorodibenzo-p-dioxin 2.8E+07 Oncorhynchus mykiss Osteichthyes 3.0E-04 2.4E+02 1.1E+03
1,2,3,4,7,8-hexachlorodibenzo-p-dioxin 6.2E+07 Oncorhynchus mykiss Osteichthyes 3.0E-04 1.0E+02 1.1E+03
1,2,3,5-tetrachlorobenzene 4.6E+04 Poecilia reticulata Osteichthyes 6.2E-04 1.0E+03 6.9E+02
1,2,3,7-tetrachlorodibenzo-p-dioxin 8.1E+06 Oncorhynchus mykiss Osteichthyes 3.0E-04 3.9E+02 1.1E+03
1,2,3,7,8-pentachlorodibenzo-p-dioxin 3.2E+07 Poecilia reticulata Osteichthyes 1.0E-04 4.6E+02 1.4E+03
1,2,3,7,9-pentachlorodibenzo-p-dioxin 2.3E+07 Poecilia reticulata Osteichthyes 1.0E-04 3.5E+02 1.4E+03
1,3-dichlorobenzene 2.4E+03 Pimephales promelas Osteichthyes 2.6E-03 2.5E+02 9.3E+01
1,3,5 -tribromobenzene 3.2E+04 Poecilia reticulata Osteichthyes 9.8E-05 7.1E+02 1.0E+03
1,3,5 -trichlorobenzene 1.5E+04 Poecilia reticulata Osteichthyes 6.2E-04 4.5E+02 4.8E+02
1,3,5,7 -tetrachloronaphthalene 2.4E+06 Poecilia reticulata Osteichthyes 3.5E-04 9.3E+02 1.0E+03
1,3,5,8-tetrachloronaphthalene 9.1E+05 Poecilia reticulata Osteichthyes 3.5E-04 1.3E+03 1.0E+03
1,3,6,8-tetrachlorodibenzo-p-dioxin 1.3E+07 Oncorhynchus mykiss Osteichthyes 5.0E-04 3.0E+02 9.5E+02
1,3,7 -trichloronaphthalene 3.9E+05 Poecilia reticulata Osteichthyes 3.5E-04 1.4E+03 1.0E+03
1,4-dibromobenzene 6.2E+03 Poecilia reticulata Osteichthyes 9.8E-05 1.3E+02 4.4E+02
1,4-dichloronaphthalene 7.6E+04 Poecilia reticulata Osteichthyes 3.5E-04 1.1E+03 8.8E+02
1,8-dichloronaphthalene 2.6E+04 Poecilia reticulata Osteichthyes 3.5E-04 9.3E+02 6.7E+02
2-11-(p-sulfophenyl)-dodecane 1.0E+03 Pimephales promelas Osteichthyes 7.5E-04 6.2E+01 5.8E+01
2-12-(p-sulfophenyl)-dodecane 3.5E+03 Pimephales promelas Osteichthyes 7.4E-03 1.8E+02 9.7E+01 Ap
2- 13-(p-sulfophenyl)-dodecane 1.2E+04 Pimephales promelas Osteichthyes 7.5E-04 6.4E+02 4.0E+02 pen
2-ethylhexyl diphenyl phosphate 4.0E+05 Oncorhynchus mykiss Osteichthyes 5.0E+00 9.5E+02 9.1E+01 i
X
E
2,2'-bithiophene
2,2', 3,3 ',4,4'-hexachlorobiphenyl
2,2',3,3',4,4',5,5'-octachlorobiphenyl
2,2',3,3',4,4',5,5',6-nonachlorobiphenyl
2,2',3,3',4,4',5,5',6,6'-decachlorobiphenyl
2,2', 3,3 ',4,4', 5,6-octachlorobiphenyl
2,2',3,3',5,5',6,6'-octachlorobiphenyl
2,2', 3,3 ',6,6'-hexachlorobiphenyl
2,2',3,4,4',5'-hexachlorobiphenyl
2,2',3,4,4',5',6-heptachlorobiphenyl
2,2',3,4,5,5'-hexachlorobiphenyl
2,2',3,4,5,5',6-heptachlorobiphenyl
2,2', 3,4,5'-pentachlorobiphenyl
2,2',3,5,5',6-hexachlorobiphenyl
2,2',3,5'-tetrachlorobiphenyl
2,2', 3 ',4,5 -pentachlorobiphenyl
2,2',4,4',5,5'-hexachlorobiphenyl
2,2',4,4',6,6'-hexabromobiphenyl
2,2’,4,5,5’-pentachlorobiphenyl
2,2',4,5'-tetrachlorobiphenyl
2,2', 5-trichlorobiphenyl
2,2',5,5'-tetrabromobiphenyl
2,2',5,5'-tetrachlorobiphenyl
2,2',6,6'-tetrachlorobiphenyl
2,3-dichloronaphthalene
2,3,3 ',4,4'-pentachlorobiphenyl
2.3.7.8-tetrachlorodibenzo-p-dioxin
2.3.7.8-tetrachlorodibenzo-p-furan
2.4.5-trichlorobiphenyl
2.4.6-tribromobiphenyl 
2,4', 5-trichlorobiphenyl
5.6E+03 Poecilia reticulata
2.1E+07 Brachydanio rerio
4.2E+07 Brachydanio rerio
1.2E+07 Brachydanio rerio
1.9E+08 Brachydanio rerio
2.2E+07 Brachydanio rerio
5.4E+07 Brachydanio rerio
1.3E+07 Brachydanio rerio
6.8E+06 Brachydanio rerio
4.5E+07 Brachydanio rerio
5.6E+06 Brachydanio rerio
6.0E+06 Brachydanio rerio
1.7E+06 Brachydanio rerio
1.9E+07 Brachydanio rerio
5.4E+05 Brachydanio rerio
2.0E+06 Brachydanio rerio
6.3E+06 Brachydanio rerio
1.6E+07 Poecilia reticulata
1.4E+06 Brachydanio rerio
2.3E+06 Brachydanio rerio
2.8E+05 Brachydanio rerio
3.2E+06 Poecilia reticulata
6.2E+05 Brachydanio rerio
8.7E+05 Brachydanio rerio
5.1E+04 Poecilia reticulata
6.2E+06 Brachydanio rerio
2.6E+06 Oncorhynchus mykiss
1.3E+06 Oncorhynchus mykiss
7.9E+05 Poecilia reticulata
1.1E+06 Poecilia reticulata
4.8E+05 Brachydanio rerio
Osteichthyes 2.0E-03 1.1E+03 1.9E+02
Osteichthyes 2.4E-04 5.0E+03 1.1E+03
Osteichthyes 2.4E-04 9.2E+02 1.1E+03
Osteichthyes 2.4E-04 4.9E+03 1.1E+03
Osteichthyes 2.4E-04 3.9E+02 1.1E+03
Osteichthyes 2.4E-04 5.8E+03 1.1E+03
Osteichthyes 2.4E-04 5.1E+03 1.1E+03
Osteichthyes 2.4E-04 4.3E+03 1.1E+03
Osteichthyes 2.4E-04 4.8E+03 1.1E+03
Osteichthyes 2.4E-04 6.0E+03 1.1E+03
Osteichthyes 2.4E-04 4.9E+03 1.1E+03
Osteichthyes 2.4E-04 6.0E+03 1.1E+03
Osteichthyes 2.4E-04 7.8E+02 1.1E+03
Osteichthyes 2.4E-04 4.2E+03 1.1E+03
Osteichthyes 2.4E-04 1.2E+03 1.1E+03
Osteichthyes 2.4E-04 3.4E+03 1.1E+03
Osteichthyes 2.4E-04 2.2E+03 1.1E+03
Osteichthyes 9.8E-05 3.2E+02 1.4E+03
Osteichthyes 2.4E-04 3.2E+03 1.1E+03
Osteichthyes 2.4E-04 1.3E+03 1.1E+03
Osteichthyes 2.4E-04 3.8E+03 1.1E+03
Osteichthyes 9.8E-05 8.9E+02 1.4E+03
Osteichthyes 2.4E-04 1.0E+03 1.1E+03
Osteichthyes 2.4E-04 2.7E+03 1.1E+03
Osteichthyes 3.5E-04 1.1E+03 8.2E+02
Osteichthyes 3.9E-07 4.5E+03 5.6E+03
Osteichthyes 3.8E-04 5.9E+02 1.0E+03
Osteichthyes 3.8E-04 1.1E+03 1.0E+03
Osteichthyes 9.8E-05 3.8E+02 1.4E+03
Osteichthyes 9.8E-05 1.1E+03 1.4E+03
Osteichthyes 9.7E-06 2.6E+03 2.5E+03
2,5-dichlorobiphenyl
2,7 -dichloronaphthalene
3.3 ',4,4'-tetrachlorobiphenyl
3.3 ',4,4', 5 -pentachlorobiphenyl 
3,3',4,4',5,5'-hexachlorobiphenyl 
4-nonylphenol 
4,4'-dibromobiphenyl 
acridine
anthracene
benzo(a)anthracene
benzo(a)pyrene
benzo(b)naphto(2,3d)thiophene
benzo(b)thiophene
biphenyl
bromophos
butachlor
carbazole
chiome thoxyfen
chlorthion
cis-cypermethrin
DDE
deltamethrin
di-2-ethyl-hexylphthalate
diazinon
dibenzo( 1,4)dioxan
dibenzo(b)furan
dibenzothiophene
dicapthon
fenitrothion
fenthion
fluoranthene
1.3E+05 Brachydanio rerio
6.5E+04 Poecilia reticulata
4.3E+06 Brachydanio rerio
1.1E+07 Brachydanio rerio
2.6E+07 Brachydanio rerio
5.8E+05 Oryzias latipes
5.2E+05 Poecilia reticulata
2.5E+03 Poecilia reticulata
4.3E+04 Mysis relicta
4.1E+05 Pimephales promelas
1.1E+06 Brachydanio rerio
1.2E+05 Poecilia reticulata
1.3E+03 Poecilia reticulata
1.0E+04 Oncorhynchus mykiss
1.6E+05 Poecilia reticulata
3.2E+04 Aristichthys nobilis
5.2E+03 Poecilia reticulata
2.5E+04 Aristichthys nobilis
4.3E+03 Poecilia reticulata
1.0E+06 Oncorhynchus mykiss
3.2E+06 Mysis relicta
1.6E+06 Oncorhynchus mykiss
1.6E+04 Cyprinodon variegatus
6.5E+03 Brachydanio rerio
1.5E+04 Poecilia reticulata
1.3E+04 Poecilia reticulata
2.4E+04 Poecilia reticulata
3.8E+03 Poecilia reticulata
3.0E+03 Anguilla anguilla
1.5E+04 Poecilia reticulata
1.6E+05 Pimephales promelas
Osteichthyes 2.4E-04
Osteichthyes 3.5E-04
Osteichthyes 2.4E-04
Osteichthyes 2.4E-04
Osteichthyes 2.4E-04
Osteichthyes 2.5E-04
Osteichthyes 9.8E-05
Osteichthyes 2.0E-03
Crustacea 1.7E-04
Osteichthyes 5.2E-04
Osteichthyes 3.9E-07
Osteichthyes 2.0E-03
Osteichthyes 2.0E-03
Osteichthyes 9.0E-03
Osteichthyes 1.1E-04
Osteichthyes 4.0E-03
Osteichthyes 2.0E-03
Osteichthyes 4.0E-03
Osteichthyes 1.1E-04
Osteichthyes 1.5E-03
Crustacea 1.7E-04
Osteichthyes 1.5E-03
Osteichthyes 3.0E-03
Osteichthyes 4.0E-04
Osteichthyes 2.0E-03
Osteichthyes 2.0E-03
Osteichthyes 2.0E-03
Osteichthyes 1.1E-04
Osteichthyes 2.5E-02
Osteichthyes 1.1E-04
Osteichthyes 5.2E-04
1.7E+03 1.0E+03
1.2E+03 8.5E+02
5.2E+03 1.1E+03
6.5E+03 1.1E+03
7.2E+03 1.1E+03
4.9E-01 1.1E+03
2.1E+03 1.4E+03
9.8E+02 1.0E+02
2.0E+03 9.4E+02
1.3E+03 9.1E+02
3.3E+03 5.6E+03
1.0E+03 6.0E+02
1.9E+03 5.9E+01
1.6E+02 2.0E+02
1.2E+03 1.3E+03
6.4E+02 3.9E+02
8.2E+02 1.8E+02
2.0E+04 3.6E+02
1.8E+02 3.3E+02
2.3E+02 7.1E+02
1.1E+03 1.2E+03
1.7E+02 7.1E+02
7.2E+01 3.2E+02
3.1E+02 3.2E+02
2.2E+03 3.5E+02
1.2E+03 3.3E+02
1.9E+03 4.3E+02
3.1E+02 3.0E+02
3.4E+01 6.3E+01
7.8E+02 7.2E+02
2.7E+03 8.6E+02
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fluorene 1.5E+04 Poecilia reticulata Osteichthyes 2.0E-03 1.4E+03 3.5E+02
g-hexachlorocyclohexane 4.9E+03 Brachydanio rerio Osteichthyes 3.0E-04 1.8E+02 2.8E+02
heptaethylene glycol monotetradecyl ether 1.0E+05 Lepomis macrochirus Osteichthyes 7.5E-04 4.2E+01 7.5E+02
iodofenphos 3.2E+05 Poecilia reticulata Osteichthyes 1.1E-04 6.4E+02 1.3E+03
mirex 7.8E+06 Poecilia reticulata Osteichthyes 9.8E-05 9.3E+01 1.4E+03
naphthalene 2.2E+03 Brachydanio rerio Osteichthyes 3.9E-07 2.2E+03 7.9E+02
octaethylene glycol monododecyl ether 3.4E+04 Cyprinus carpio Osteichthyes 7.5E-04 5.3E+01 6.1E+02
octaethylene glycol monohexyldecyl ether 4.9E+06 Pimephales promelas Osteichthyes 7.5E-04 1.3E+03 8.5E+02
pentachlorobenzene 1.5E+05 Pimephales promelas Osteichthyes 2.5E-04 1.1E+03 1.0E+03
pentachlorophenol 1.3E+05 Mysis relicta Crustacea 1.7E-04 6.0E+00 1.1E+03
phenanthrene 3.3E+04 Brachydanio rerio Osteichthyes 3.9E-07 1.6E+03 4.0E+03
pyrene 1.1E+05 Brachydanio rerio Osteichthyes 3.9E-07 2.9E+03 5.0E+03
terbutryn 3.1E+03 Oncorhynchus mykiss Osteichthyes 1.1E-03 5.1E+01 1.4E+02
tetraethylene glycol monotetradecyl ether 1.0E+06 Pimephales promelas Osteichthyes 7.5E-04 1.7E+03 8.4E+02
thianthrene 3.0E+04 Poecilia reticulata Osteichthyes 2.0E-03 1.1E+03 4.6E+02
thiobencarb 2.6E+03 Aristichthys nobilis Osteichthyes 4.0E-03 3.4E+03 9.0E+01
xanthene 1.7E+04 Poecilia reticulata Osteichthyes 2.0E-03 1.6E+03 3.7E+02
T ab le  E.6. O b se rv ed  (o b s) an d  e s t im a te d  (e s t)  fra c tio n s  of s u b s ta n c e  a ss im ila te d  pX,f (H en d rik s , 1 9 9 5 b ; H endriks e t  a l., 1 9 9 8 ; v an  d e r  
Linde e t  a l., 2 0 0 1  an d  re fe re n c e s  th e re in ) .
Substance X Kow Species Species class
Species 
weight m 
[kg]
pX,f obs pX,f est
pentabromotoluene 6.3E+07 Poecilia reticulata Osteichthyes 1.9E-04 1.0E-02 1.6E-01
3,6-dichlorodibenzo-p-furan 1.2E+05 Oncorhynchusmykiss Osteichthyes 1.0E+00 1.2E-02 6.8E-01
2,2',6,6'-tetrachlorobiphenyl 8.7E+05 Poecilia reticulata Osteichthyes 1.0E-04 1.7E-02 6.5E-01
pentabromobenzene 4.5E+05 Poecilia reticulata Osteichthyes 1.9E-04 3.0E-02 6.7E-01
1,2,3,4,6,7,8,9-octachlorodibenzo-p-dioxin 4.0E+08 Oncorhynchusmykiss Osteichthyes 1.0E+00 8.0E-02 3.1E-02
2,7-dichlorodibenzo-p-dioxin 5.6E+05 Oncorhynchusmykiss Osteichthyes 1.0E+00 9.0E-02 6.6E-01
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1,2,3,7-tetrachlorodibenzo-p-dioxin 8.1E+06
2,2', 3,3 ',6,6'-hexachlorobiphenyl 1.3E+07
1,2,3,4,7-pentachlorodibenzo-p-dioxin 2.8E+07
fluorene 1.5E+04
2-phenylnaphthalene 3.0E+03
1,2,4-trichlorodibenzo-p-dioxin 2.8E+06
1,2,3,4,6,7,8 -heptachlorodibenzo-p-dioxin 1.6E+08
1,2,3,7,8,9-hexachlorodibenzo-p-dioxin 1.0E+08
heptachlorotetradecane 1.6E+07
heptachlorohexadecane 3.2E+07
2-methylanthracene
2-exo, 3 -endo,5-exo,6-endo, 8c,9b(or 8b,9c), 1 Oa-
1.0E+05
1.6E+06heptachlorobomane
2,2',4,6,6'-pentachlorobiphenyl 2.3E+05
3,3',5,5'-tetrachlorobiphenyl 4.0E+06
1,2,3,4,7,8 -hexachlorodibenzo-p-dioxin 6.2E+07
mirex 7.8E+06
1,3,5 -tribromobenzene 3.2E+04
2,2',3,3',4,4',5,5',6,6'-decachlorobiphenyl 1.9E+08
1,2,x,y, 13,14-hexachlorotetradecane 1.3E+07
Oncorhynchus
mykiss
Poecilia reticulata
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Pimephales prome­
las
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Poecilia reticulata
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Poecilia reticulata
Oncorhynchus
mykiss
Oncorhynchus
Osteichthyes 1.5E-03 1.2E-01 4.8E-01
Osteichthyes 1.0E-04 1.3E-01 4.0E-01
Osteichthyes 1.5E-03 1.3E-01 2.8E-01
Osteichthyes 5.0E-04 1.4E-01 6.8E-01
Osteichthyes 2.5E-01 1.5E-01 6.7E-01
Osteichthyes l.OE+OO 1.6E-01 5.9E-01
Osteichthyes 8.2E-04 1.7E-01 7.3E-02
Osteichthyes 1.0E-03 1.7E-01 l.lE-01
Osteichthyes 2.0E-02 1.8E-01 3.7E-01
Osteichthyes 4.0E-02 1.8E-01 2.6E-01
Osteichthyes 5.0E-02 2.0E-01 6.8E-01
Osteichthyes 1.0E-02 2.3E-01 6.3E-01
Osteichthyes 4.3E-02 2.4E-01 6.7E-01
Osteichthyes 1.0E-04 2.5E-01 5.6E-01
Osteichthyes 2.2E-03 2.5E-01 1.6E-01
Osteichthyes 3.2E-01 2.6E-01 4.9E-01
Osteichthyes 1.9E-04 3.0E-01 6.8E-01
Osteichthyes 3.6E-03 3.0E-01 6.4E-02
Osteichthyes 3.7E+00 3.2E-01 4.1E-01
A
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2,2', 3,3 ',4,4', 5,6-octachlorobiphenyl 2.2E+07
2,2', 3,5-tetrachlorobiphenyl 5.4E+05
2,4,4'-trichlorobiphenyl 5.1E+05
2,2',5,5'-tetrachlorobiphenyl 6.2E+05
2,3,3 '-trichlorobiphenyl 6.3E+05
1,2,5,6,9,10-hexachloroundecane 3.2E+06
l,2,w,x,y,z,9,10-octachlorodecane 7.9E+06
2,3 ',4,4', 5 -pentachlorobiphenyl 3.7E+06
1,2,9,10-tetrachloroundecane 1.3E+06
2,2',3,3',4,4',5,5'-octachlorobiphenyl 4.2E+07
1,2,5,6,9,10-hexachlorodecane 2.0E+06
1,2,13,14-tetrachlorotetradecane 6.3E+06
2,2',3,3',4,4',5,5',6-nonachlorobiphenyl 1.2E+07
3,3 ',4,4'-tetrachlorobiphenyl 4.3E+06
2,3,3 ',4', 5 -pentachlorobiphenyl 8.3E+06
2,3',4,4',6-pentachlorobiphenyl 
2-exo,3-endo,5-exo,6-endo,8,8,9,10,10-
2.5E+06
5.0E+06nonachlorobomane
2,3,4,4',5-pentachlorobiphenyl 5.2E+06
2,2', 5-trichlorobiphenyl 2.8E+05
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Carassius auratus
Cyprinus carpio
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Cyprinus carpio
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Cyprinus carpio 
Carassius auratus
Osteichthyes 1.0E-02 3.7E-01 3.1E-01
Osteichthyes 1.0E-02 4.0E-01 6.6E-01
Osteichthyes 1.0E-02 4.2E-01 6.6E-01
Osteichthyes 3.9E-03 4.4E-01 6.6E-01
Osteichthyes 5.6E-01 4.4E-01 6.6E-01
Osteichthyes 2.7E-01 4.5E-01 5.9E-01
Osteichthyes 3.7E+00 4.5E-01 4.8E-01
Osteichthyes 1.0E-02 4.9E-01 5.7E-01
Osteichthyes 3.7E+00 4.9E-01 6.4E-01
Osteichthyes 1.1E-02 5.1E-01 2.1E-01
Osteichthyes 6.1E+00 5.2E-01 6.2E-01
Osteichthyes 3.2E-02 5.2E-01 5.1E-01
Osteichthyes 9.5E-02 5.2E-01 4.2E-01
Osteichthyes 3.0E+00 5.7E-01 5.6E-01
Osteichthyes 2.9E-02 5.8E-01 4.8E-01
Osteichthyes 3.0E+00 5.8E-01 6.0E-01
Osteichthyes 1.0E-02 5.8E-01 5.4E-01
Osteichthyes 2.9E-02 5.9E-01 5.4E-01
Osteichthyes 3.4E-02 6.0E-01 6.7E-01
A
ppendix 
E
trichlorobenzene 1.5E+04
2,2',3,4,5,5'-hexachlorobiphenyl 5.6E+06
2,3,3 ',4,4'-pentachlorobiphenyl 6.2E+06
2,2',4,4',6,6'-hexachlorobiphenyl 1.9E+07
2,2',4,5,5'-pentachlorobiphenyl 1.4E+06
2,5-dichlorobiphenyl 1.3E+05
2,3',4',5-tetrachlorobiphenyl 1.7E+06
2,4', 5-trichlorobiphenyl 4.8E+05
2,2', 3,3 ',4,4'-hexachlorobiphenyl 2.1E+07
2,4'-dichlorobiphenyl 1.2E+05
octachlorobiphenyls 9.1E+07
2,2',4,6-tetrachlorobiphenyl 1.2E+06
2,2', 3,3 '-tetrachlorobiphenyl 1.5E+06
2,2',5,6'-tetrachlorobiphenyl 3.5E+05
2,2',4,5',6-pentachlorobiphenyl 5.8E+06
2,2', 3,4'-tetrachlorobiphenyl 5.2E+05
2,3,3 ',4,4',5-hexachlorobiphenyl 2.3E+07
2,3-dichlorobiphenyl 9.3E+04
2,3,5,6-tetrachlorobiphenyl 9.1E+05
2,2', 3,4,4',6-hexachlorobiphenyl 2.0E+07
heptachlorobiphenyls 3.2E+07
2,2', 3 -trichlorobiphenyl 1.3E+05
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Cyprinus carpio
Oncorhynchus
mykiss
Cyprinus carpio
Carassius auratus
Carassius auratus
Carassius auratus
Oncorhynchus
mykiss
Cyprinus carpio
Cyprinus carpio
Cyprinus carpio
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Cyprinus carpio
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Oncorhynchus
mykiss
Cyprinus carpio 
Cyprinus carpio
Osteichthyes 5.0E+00 6.1E-01 6.8E-01
Osteichthyes 2.0E-01 6.4E-01 5.3E-01
Osteichthyes 2.9E-02 6.4E-01 5.2E-01
Osteichthyes 9.0E-01 6.4E-01 3.4E-01
Osteichthyes 8.9E-02 6.6E-01 6.4E-01
Osteichthyes 1.6E-02 6.7E-01 6.8E-01
Osteichthyes 7.2E-02 6.7E-01 6.3E-01
Osteichthyes 6.7E-02 6.8E-01 6.7E-01
Osteichthyes 9.5E-02 7.0E-01 3.3E-01
Osteichthyes 2.0E-02 7.1E-01 6.8E-01
Osteichthyes 8.3E-02 7.2E-01 1.2E-01
Osteichthyes 1.1E-02 7.3E-01 6.4E-01
Osteichthyes 9.0E-01 7.3E-01 6.3E-01
Osteichthyes 9.0E-01 7.5E-01 6.7E-01
Osteichthyes 9.0E-01 7.5E-01 5.2E-01
Osteichthyes 2.7E-01 7.5E-01 6.6E-01
Osteichthyes 9.0E-01 7.6E-01 3.1E-01
Osteichthyes 9.0E-01 7.7E-01 6.8E-01
Osteichthyes 9.0E-01 7.7E-01 6.5E-01
Osteichthyes 9.0E-01 7.7E-01 3.3E-01
Osteichthyes 8.3E-02 7.7E-01 2.5E-01
Osteichthyes 1.8E-01 7.8E-01 6.8E-01
A
ppendix 
E
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2,2',4,4',5 -pentachlorobiphenyl 2.6E+06 Cyprinus carpio Osteichthyes 2.7E-01 7.9E-01 6.0E-01
2,3,3 ',4-tetrachlorobiphenyl 2.2E+06 Cyprinus carpio Osteichthyes 2.7E-01 8.0E-01 6.1E-01
hexachlorobiphenyls 1.1E+07 Cyprinus carpio Osteichthyes 8.3E-02 8.0E-01 4.3E-01
3,4,4'-trichlorobiphenyl 6.0E+05 Cyprinus carpio Osteichthyes 8.3E-02 8.1E-01 6.6E-01
2,2',3,5,5'-pentachlorobiphenyl 2.1E+06 Cyprinus carpio Osteichthyes 8.3E-02 8.1E-01 6.1E-01
2,2',3',4,5-pentachlorobiphenyl 2.0E+06 Cyprinus carpio Osteichthyes 8.3E-02 8.2E-01 6.2E-01
2,2',3,3',4-pentachlorobiphenyl 6.6E+06 Cyprinus carpio Osteichthyes 8.3E-02 8.2E-01 5.1E-01
2,2', 3,3',6-pentachlorobiphenyl 4.0E+05 Cyprinus carpio Osteichthyes 8.3E-02 8.3E-01 6.7E-01
2,2',3,5',6-pentachlorobiphenyl 8.3E+05 Cyprinus carpio Osteichthyes 8.3E-02 8.4E-01 6.5E-01
2',3,4-trichlorobiphenyl 5.8E+05 Cyprinus carpio Osteichthyes 8.3E-02 8.4E-01 6.6E-01
2,3,4,4'-tetrachlorobiphenyl 6.9E+05 Cyprinus carpio Osteichthyes 8.3E-02 8.5E-01 6.6E-01
2,2'-dichlorobiphenyl 5.4E+04 Cyprinus carpio Osteichthyes 2.7E-01 8.5E-01 6.8E-01
2,3',5-trichlorobiphenyl 4.5E+05 Cyprinus carpio Osteichthyes 8.3E-02 8.6E-01 6.7E-01
2,2',4,5-tetrachlorobiphenyl 4.9E+05 Cyprinus carpio Osteichthyes 8.3E-02 8.6E-01 6.6E-01
2,4,4',6-tetrachlorobiphenyl 1.1E+06 Cyprinus carpio Osteichthyes 8.3E-02 8.6E-01 6.5E-01
2,4',6-trichlorobiphenyl 3.0E+05 Cyprinus carpio Osteichthyes 8.3E-02 8.7E-01 6.7E-01
3,3',4,4',5-pentachlorobiphenyl 1.1E+07 Rana pipiens Amphibia 3.4E-02 8.8E-01 4.3E-01
2,2',4-trichlorobiphenyl 3.2E+05 Cyprinus carpio Osteichthyes 8.3E-02 8.8E-01 6.7E-01
2,2',6-trichlorobiphenyl 1.1E+05 Cyprinus carpio Osteichthyes 8.3E-02 9.1E-01 6.8E-01
T ab le  E.7. O b se rv ed  (o b s) an d  e s t im a te d  (e s t)  to ta l ch em ical e lim in a tio n  ra te  c o n s ta n t  kX,out (H en d rik s , 1 9 9 5 b ; H endriks e t  a l., 2 0 0 1 ; v an  
d e r  Linde e t  a l., 2 0 0 1  an d  re fe re n c e s  th e re in ;  V eltm an  e t  a l., 2 0 0 5 ).
Substance X Kow Species Species class
Species 
weight [m]
kX,out obs 
[/d]
kX,out es 
[/d]
2,2',4,4',5,5'-hexachlorobiphenyl 6.3E+06 Oncorhynchus mykiss Osteichthyes 9.0E-01 3.5E-04 5.3E-03
2,2',3,3',4,4',5,5',6-nonachlorobiphenyl 1.2E+07 Oncorhynchus mykiss Osteichthyes 9.0E-01 3.5E-04 4.5E-03
2,2',4,4',6,6'-hexachlorobiphenyl 1.9E+07 Oncorhynchus mykiss Osteichthyes 9.0E-01 3.5E-04 3.8E-03
2,2',3,4,4',6-hexachlorobiphenyl 2.0E+07 Oncorhynchus mykiss Osteichthyes 9.0E-01 3.5E-04 3.8E-03
2,2',3,3',4,4'-hexachlorobiphenyl 2.1E+07 Oncorhynchus mykiss Osteichthyes 9.0E-01 3.5E-04 3.7E-03
2,2',3,3',4,4',5,5'-octachlorobiphenyl 4.2E+07 Oncorhynchus mykiss Osteichthyes 9.0E-01 3.5E-04 2.8E-03
2,2',3,3',4,4',5,5',6,6'-decachlorobiphenyl 1.9E+08 Oncorhynchus mykiss Osteichthyes 9.0E-01 3.5E-04 1.6E-03
A
ppendix 
E
2.3.4.5.6-pentachlorobiphenyl 
2,3',5,5'-tetrachlorobiphenyl 
2,2',4,5',6-pentachlorobiphenyl
3.3 ',4,4', 5 -pentachlorobiphenyl 
DDT
2.3.5.6-tetrachlorobiphenyl 
2,2',4,5,5'-pentachlorobiphenyl
2.3.3 ',4,4',5-hexachlorobiphenyl 
2,2', 3,4'-tetrachlorobiphenyl 
2,3',4,4',6-pentachlorobiphenyl
2-exo,3-endo,5-exo,6-endo,8,8,9,10,10-
nonachlorobomane
DDE
2,3,4,5-tetrachlorobiphenyl
2-exo, 3 -endo,5-exo,6-endo, 8,8,10,10-
octachlorobomane
2,2',4,4',5,5'-hexachlorobiphenyl
toxaphene
kepone
fenthion
4-nonylphenol
3.3 ',4,4', 5 -pentachlorobiphenyl
2.3.3 ',4-tetrachlorobiphenyl 
2,4', 5-trichlorobiphenyl 
2,2', 5-trichlorobiphenyl 
2,3',4',5-tetrachlorobiphenyl 
2,2',5,5'-tetrachlorobiphenyl 
2,2',4,6,6'-pentachlorobiphenyl
2.3.3 ',4,4'-pentachlorobiphenyl 
2,3,4,4',5-pentachlorobiphenyl
5.6E+06 Oncorhynchus mykiss
2.2E+06 Oncorhynchus mykiss
5.8E+06 Oncorhynchus mykiss
1.1E+07 Rana pipiens
2.3E+06 Oncorhynchus mykiss
9.1E+05 Oncorhynchus mykiss
1.4E+06 Oncorhynchus mykiss
2.3E+07 Oncorhynchus mykiss
5.2E+05 Oncorhynchus mykiss
2.5E+06 Oncorhynchus mykiss
5.0E+06 Salvelinus namaycush
3.2E+06 Oncorhynchus mykiss
2.6E+06 Oncorhynchus mykiss
3.2E+06 Salvelinus namaycush
6.3E+06 Mysis relicta
2.1E+04 Salvelinus namaycush
2.6E+05 Leiostomus xanthurus
1.5E+04 Ganthopogomcaerulescens
5.8E+05 Oryzias latipes
1.1E+07 Oncorhynchus mykiss
2.2E+06 Cyprinus carpio
4.8E+05 Oncorhynchus mykiss
2.8E+05 Oncorhynchus mykiss
1.7E+06 Cyprinus carpio
6.2E+05 Oncorhynchus mykiss
2.3E+05 Oncorhynchus mykiss
6.2E+06 Cyprinus carpio
5.2E+06 Cyprinus carpio
Osteichthyes 9.0E-01 5.3E-04 5.5E-03
Osteichthyes 9.0E-01 7.8E-04 6.8E-03
Osteichthyes 9.0E-01 8.5E-04 5.4E-03
Amphibia 3.4E-02 9.1E-04 1.0E-02
Osteichthyes 6.7E-03 9.8E-04 2.3E-02
Osteichthyes 9.0E-01 1.1E-03 8.9E-03
Osteichthyes 2.0E-01 1.1E-03 1.1E-02
Osteichthyes 2.0E-01 1.5E-03 5.2E-03
Osteichthyes 9.0E-01 1.6E-03 1.1E-02
Osteichthyes 2.0E-01 1.6E-03 9.6E-03
Osteichthyes 6.5E-01 1.9E-03 6.1E-03
Osteichthyes 3.0E-02 2.1E-03 1.5E-02
Osteichthyes 9.0E-01 2.2E-03 6.6E-03
Osteichthyes 6.5E-01 2.3E-03 6.8E-03
Crustacea 1.7E-04 2.4E-03 4.5E-02
Osteichthyes 6.5E-01 2.5E-03 9.6E-02
Osteichthyes 2.0E-03 2.7E-03 7.7E-02
Osteichthyes 1.3E-03 2.9E-03 5.6E-01
Osteichthyes 2.5E-04 2.9E-03 8.3E-02
Osteichthyes 4.5E-02 3.3E-03 9.6E-03
Osteichthyes 8.3E-02 3.5E-03 1.2E-02
Osteichthyes 9.0E-01 3.5E-03 1.2E-02
Osteichthyes 9.0E-01 3.6E-03 1.6E-02
Osteichthyes 8.3E-02 3.6E-03 1.3E-02
Osteichthyes 2.0E-01 3.7E-03 1.5E-02
Osteichthyes 9.0E-01 4.0E-03 1.8E-02
Osteichthyes 8.3E-02 4.2E-03 9.7E-03
Osteichthyes 8.3E-02 4.4E-03 1.0E-02
A
ppendix 
E
2,2', 3,4,5'-pentachlorobiphenyl
2,3,4,4'-tetrachlorobiphenyl
mirex
2,2',4,5,5'-pentachlorobiphenyl
2,3',4,4'-tetrachlorobiphenyl
2,2', 3 ',4,5 -pentachlorobiphenyl
2,2',4,5-tetrachlorobiphenyl
2,2', 3,3 ',4-pentachlorobiphenyl
2,2',4,4', 5 -pentachlorobiphenyl
2,2',3,5,5'-pentachlorobiphenyl
2,2',3,5',6-pentachlorobiphenyl
2,3,3 ',4', 5 -pentachlorobiphenyl
2,2',3,4,4',5'-hexachlorobiphenyl
3,3',4,4',5,5'-hexachlorobiphenyl
2,2', 3,3 '-tetrachlorobiphenyl
2,2',3,3',4,4',5,5',6,6'-decachlorobiphenyl
2,2',4,4',5,5'-hexachlorobiphenyl
1,2,3,7,8,9-hexachlorodibenzo-p-dioxin
2,2',3,4,5,5',6-heptachlorobiphenyl
2,2',3,4',5,5',6-heptachlorobiphenyl
2,2',3,3',4,4',5,5'-octachlorobiphenyl
3,4,4'-trichlorobiphenyl
2,2', 3,4,4',5-hexachlorobiphenyl
2,2', 3,3 ',4,4', 5,6-octachlorobiphenyl
2,2',3,4,5,5'-hexachlorobiphenyl
3,3',4,4',5,5'-hexachlorobiphenyl
2,2',3,3',5,5',6,6'-octachlorobiphenyl
dieldrin
2,2',4,5,5'-pentachlorobiphenyl
2,5-dichlorobiphenyl
heptachlorohexadecane
1.7E+06 Oncorhynchus mykiss
6.9E+05 Cyprinus carpio
7.8E+06 Poecilia reticulata
1.4E+06 Cyprinus carpio
1.2E+06 Oncorhynchus mykiss
2.0E+06 Cyprinus carpio
4.9E+05 Cyprinus carpio
6.6E+06 Cyprinus carpio
2.6E+06 Cyprinus carpio
2.1E+06 Cyprinus carpio
8.3E+05 Cyprinus carpio
8.3E+06 Cyprinus carpio
6.8E+06 Brachydanio rerio
2.6E+07 Oncorhynchus mykiss
1.5E+06 Oncorhynchus mykiss
1.9E+08 Poecilia reticulata
6.3E+06 Oncorhynchus mykiss
1.0E+08 Pimephales promelas
6.0E+06 Brachydanio rerio
8.3E+06 Oncorhynchus mykiss
4.2E+07 Poecilia reticulata
6.0E+05 Cyprinus carpio
5.2E+06 Oncorhynchus mykiss
2.2E+07 Brachydanio rerio
5.6E+06 Brachydanio rerio
2.6E+07 Brachydanio rerio
5.4E+07 Brachydanio rerio
2.5E+05 Oncorhynchus mykiss
1.4E+06 Oncorhynchus mykiss
1.3E+05 Oncorhynchus mykiss
3.2E+07 Oncorhynchus mykiss
Osteichthyes 9.0E-01 4.5E-03 7.3E-03
Osteichthyes 8.3E-02 4.5E-03 1.8E-02
Osteichthyes 9.8E-05 4.6E-03 4.9E-02
Osteichthyes 8.3E-02 5.0E-03 1.4E-02
Osteichthyes 7.4E-02 5.0E-03 1.5E-02
Osteichthyes 8.3E-02 5.3E-03 1.3E-02
Osteichthyes 8.3E-02 5.3E-03 2.1E-02
Osteichthyes 8.3E-02 5.4E-03 9.5E-03
Osteichthyes 8.3E-02 5.5E-03 1.2E-02
Osteichthyes 8.3E-02 5.7E-03 1.3E-02
Osteichthyes 8.3E-02 6.0E-03 1.7E-02
Osteichthyes 8.3E-02 6.1E-03 9.0E-03
Osteichthyes 2.4E-04 6.2E-03 4.1E-02
Osteichthyes 4.5E-02 6.4E-03 7.3E-03
Osteichthyes 9.0E-01 6.5E-03 7.5E-03
Osteichthyes 1.4E-04 6.5E-03 1.5E-02
Osteichthyes 2.1E-02 6.5E-03 1.4E-02
Osteichthyes 1.0E-03 6.6E-03 1.1E-02
Osteichthyes 2.4E-04 6.8E-03 4.2E-02
Osteichthyes 1.0E-02 7.1E-03 1.5E-02
Osteichthyes 1.9E-04 7.3E-03 2.4E-02
Osteichthyes 8.3E-02 7.3E-03 1.9E-02
Osteichthyes 1.0E-02 7.4E-03 1.7E-02
Osteichthyes 2.4E-04 7.4E-03 2.8E-02
Osteichthyes 2.4E-04 7.6E-03 4.3E-02
Osteichthyes 2.4E-04 7.7E-03 2.7E-02
Osteichthyes 2.4E-04 7.7E-03 2.0E-02
Osteichthyes 8.0E-02 7.7E-03 3.1E-02
Osteichthyes 1.0E-02 7.7E-03 2.4E-02
Osteichthyes 9.0E-01 8.2E-03 2.7E-02
Osteichthyes 4.0E-02 8.2E-03 6.9E-03
A
ppendix 
E
2,2', 3,3 ',4,4'-hexachlorobiphenyl
2,2',3,3',4,4',5,5'-octachlorobiphenyl
2,2',3,4,4',5',6-heptachlorobiphenyl
2,2',4,4',5,5'-hexachlorobiphenyl
mirex
2.3 ',4,4', 5 -pentachlorobiphenyl 
tris(4-chlorophenyl)methane
1,2,3,4,6,7,8 -heptachlorodibenzo-p-dioxin 
2,2', 3,3 ',6-pentachlorobiphenyl 
2,2',3,3',4,4',5,5',6-nonachlorobiphenyl
3.3 ',4,4', 5 -pentachlorobiphenyl 
2,2',4,4'-tetrachlorobiphenyl 
2,3',4',5-tetrachlorobiphenyl 
2,2',5,5'-tetrachlorobiphenyl 
2,2',4,4',5,5'-hexachlorobiphenyl 
2,2', 3,3 ',4,4'-hexachlorobiphenyl 
2,2',4,4',5,5'-hexachlorobiphenyl 
2,2', 3,3 ',4,4', 5,6-octachlorobiphenyl 
2-exo, 3 -endo,5-exo,6-endo, 8,8,10,10- 
octachlorobomane
SDDT
1,2,3,4,6,7,8-heptachlorodibenzo-p-dioxin
toxaphene
2.3 ', 5-trichlorobiphenyl
2,3-dichlorobiphenyl 
2,3,3',4,4',5,5'-heptachlorobiphenyl
2-exo,3-endo,5-exo,6-endo,8,8,9,10,10-
nonachlorobomane
2,4,4',6-tetrachlorobiphenyl
2,4,4'-tribromodiphenylether
DDE
2.1E+07 Brachydanio rerio
4.2E+07 Brachydanio rerio
4.5E+07 Brachydanio rerio
6.3E+06 Poecilia reticulata
7.8E+06 Oncorhynchus mykiss
3.7E+06 Oncorhynchus mykiss
1.6E+07 Oncorhynchus mykiss
1.6E+08 Pimephales promelas
4.0E+05 Cyprinus carpio
1.2E+07 Brachydanio rerio
1.1E+07 Brachydanio rerio
8.7E+05 Oncorhynchus mykiss
1.7E+06 Carassius auratus
6.2E+05 Pimephales promelas
6.3E+06 Pimephales promelas
2.1E+07 Oncorhynchus mykiss
6.3E+06 Brachydanio rerio
2.2E+07 Oncorhynchus mykiss
3.2E+06 Oncorhynchus mykiss
5.0E+06 Lepomis macrochirus
1.6E+08 Oncorhynchus mykiss
2.1E+04 Oncorhynchus mykiss
4.5E+05 Cyprinus carpio
9.3E+04 Oncorhynchus mykiss
5.6E+06 Oncorhynchus mykiss
5.0E+06 Oncorhynchus mykiss
1.1E+06 Cyprinus carpio
6.3E+05 Salvelinus namaycush
3.2E+06 Mysis relicta
Osteichthyes 2.4E-04 8.4E-03 2.9E-02
Osteichthyes 2.4E-04 8.7E-03 2.2E-02
Osteichthyes 2.4E-04 8.8E-03 2.2E-02
Osteichthyes 1.9E-04 8.8E-03 4.4E-02
Osteichthyes 7.2E-02 8.9E-03 9.5E-03
Osteichthyes 2.1E-02 8.9E-03 1.5E-02
Osteichthyes 2.0E-02 8.9E-03 1.1E-02
Osteichthyes 1.0E-03 9.2E-03 9.4E-03
Osteichthyes 8.3E-02 9.5E-03 2.3E-02
Osteichthyes 2.4E-04 9.6E-03 3.5E-02
Osteichthyes 2.4E-04 1.0E-02 3.6E-02
Osteichthyes 4.5E-02 1.0E-02 1.9E-02
Osteichthyes 5.0E-03 1.0E-02 2.7E-02
Osteichthyes 3.0E-04 1.0E-02 7.7E-02
Osteichthyes 2.3E-04 1.0E-02 4.2E-02
Osteichthyes 1.0E-02 1.0E-02 1.1E-02
Osteichthyes 2.4E-04 1.0E-02 4.1E-02
Osteichthyes 1.0E-02 1.0E-02 1.1E-02
Osteichthyes 1.0E-02 1.1E-02 1.9E-02
Osteichthyes 6.0E-03 1.1E-02 2.0E-02
Osteichthyes 3.0E-04 1.1E-02 1.3E-02
Osteichthyes 5.0E+00 1.1E-02 5.8E-02
Osteichthyes 8.3E-02 1.1E-02 2.2E-02
Osteichthyes 9.0E-01 1.1E-02 3.3E-02
Osteichthyes 1.0E-02 1.1E-02 1.7E-02
Osteichthyes 1.0E-02 1.2E-02 1.7E-02
Osteichthyes 8.3E-02 1.2E-02 1.5E-02
Osteichthyes 5.5E-02 1.2E-02 2.1E-02
Crustacea 1.7E-04 1.2E-02 5.3E-02
A
ppendix 
E
2,2',3,5,5',6-hexachlorobiphenyl
2',3,4-trichlorobiphenyl
2,2', 3 ',4,5 -pentachlorobiphenyl
2.3.3 ',4,4'-pentachlorobiphenyl 
2,2',4,4',6,6'-hexabromobiphenyl 
2,2',4,5,5'-pentachlorobiphenyl 
2,2',3,3',4,4',5,5',6,6'-decachlorobiphenyl 
2,2',3,3',4,4',5,5',6,6'-decachlorobiphenyl 
hexachlorobenzene 
cis-cypermethrin
2,2', 3,4,5'-pentachlorobiphenyl
2,2',5,5'-tetrachlorobiphenyl
2,2',3,3',4,4',5,5',6-nonachlorobiphenyl
2.3.3 '-trichlorobiphenyl 
2,2',5,5'-tetrachlorobiphenyl
1,2,3,4,7,8-hexachlorodibenzo-p-dioxin
3.3 ',4,4'-tetrachlorobiphenyl 
2,4,4'-trichlorobiphenyl 
fenvalerate
2,2',5,5'-tetrabromobiphenyl 
2,2', 3,3 ',6,6'-hexachlorobiphenyl
1.2,x, 13,14-pentachlorotetradecane 
SDDT
heptachlorotetradecane 
2,2'-dichlorobiphenyl 
2,3',4',5-tetrachlorobiphenyl 
1,2,13,14-tetrachlorotetradecane 
toxaphene
1.2,x,y, 13,14-hexachlorotetradecane 
2,2', 3,4'-tetrachlorobiphenyl
2,4', 5-trichlorobiphenyl
1.9E+07 Brachydanio rerio
5.8E+05 Cyprinus carpio
2.0E+06 Brachydanio rerio
6.2E+06 Oncorhynchus mykiss
1.6E+07 Poecilia reticulata
1.4E+06 Brachydanio rerio
1.9E+08 Oncorhynchus mykiss
1.9E+08 Brachydanio rerio
5.4E+05 Oncorhynchus mykiss
1.0E+06 Oncorhynchus mykiss
1.7E+06 Brachydanio rerio
6.2E+05 Oncorhynchus mykiss
1.2E+07 Oncorhynchus mykiss
6.3E+05 Cyprinus carpio
6.2E+05 Carassius auratus
6.2E+07 Oncorhynchus mykiss
4.3E+06 Oncorhynchus mykiss
5.1E+05 Oncorhynchus mykiss
1.6E+06 Oncorhynchus mykiss
3.2E+06 Poecilia reticulata
1.3E+07 Brachydanio rerio
7.9E+06 Oncorhynchus mykiss
5.0E+06 Carassius auratus
1.6E+07 Oncorhynchus mykiss
5.4E+04 Oncorhynchus mykiss
1.7E+06 Poecilia reticulata
6.3E+06 Oncorhynchus mykiss
2.1E+04 Pimephales promelas
1.3E+07 Oncorhynchus mykiss
5.2E+05 Cyprinus carpio
4.8E+05 Carassius auratus
Osteichthyes 2.4E-04 1.2E-02 3.0E-02
Osteichthyes 8.3E-02 1.2E-02 2.0E-02
Osteichthyes 2.4E-04 1.3E-02 5.4E-02
Osteichthyes 2.1E-02 1.3E-02 1.4E-02
Osteichthyes 9.8E-05 1.3E-02 4.0E-02
Osteichthyes 2.4E-04 1.3E-02 6.0E-02
Osteichthyes 1.0E-02 1.3E-02 5.1E-03
Osteichthyes 2.4E-04 1.3E-02 1.3E-02
Osteichthyes 3.7E-02 1.3E-02 2.5E-02
Osteichthyes 1.5E-03 1.4E-02 4.3E-02
Osteichthyes 2.4E-04 1.4E-02 5.7E-02
Osteichthyes 1.0E-02 1.4E-02 3.2E-02
Osteichthyes 1.0E-02 1.4E-02 1.4E-02
Osteichthyes 8.3E-02 1.5E-02 1.9E-02
Osteichthyes 5.0E-03 1.5E-02 3.8E-02
Osteichthyes 1.0E-03 1.5E-02 1.3E-02
Osteichthyes 2.0E-01 1.5E-02 8.5E-03
Osteichthyes 1.0E-02 1.5E-02 3.5E-02
Osteichthyes 2.8E-03 1.6E-02 3.1E-02
Osteichthyes 9.8E-05 1.6E-02 6.1E-02
Osteichthyes 2.4E-04 1.6E-02 3.4E-02
Osteichthyes 3.7E+00 1.6E-02 3.5E-03
Osteichthyes 5.0E-03 1.7E-02 2.1E-02
Osteichthyes 4.0E-02 1.7E-02 8.9E-03
Osteichthyes 9.0E-01 1.7E-02 4.9E-02
Osteichthyes 3.5E-04 1.8E-02 5.2E-02
Osteichthyes 3.7E+00 1.8E-02 3.7E-03
Osteichthyes 5.0E-03 1.8E-02 3.2E-01
Osteichthyes 3.7E+00 2.0E-02 3.1E-03
Osteichthyes 8.3E-02 2.0E-02 2.0E-02
Osteichthyes 5.0E-03 2.1E-02 4.3E-02
A
ppendix 
E
2,2',5,5'-tetrachlorobiphenyl
heptachlor
1,3,5,7 -tetrachloronaphthalene
chlordane
DDT
3.3 ',4,4'-tetrachlorobiphenyl 
2,2',3,3',4,4',5,5',6,6'-decachlorobiphenyl
1,2,3,4,6,7,8,9-octachlorodibenzo-p-furan 
bis(2,4-dichlorophenyl)ether 
2,2',3,3',6,6'-hexachlorobiphenyl
2,2', 5-trichlorobiphenyl 
endrin
heptachlorodecane
2,2',5,6'-tetrachlorobiphenyl
2,3',4',5-tetrachlorobiphenyl
1.2.3.4.7.8-hexachlorodibenzo-p-dioxin 
2-ethylhexyl diphenyl phosphate 
2,2',4,4',5,5'-hexachlorobiphenyl 
2,2',5,5'-tetrachlorobiphenyl 
2,2',3,3',4,4',5,5'-octachlorobiphenyl 
2,2',5,5'-tetrachlorobiphenyl 
dieldrin
2.3.7.8-tetrachlorodibenzo-p-dioxin
l,2,x,y,5,6,9,10-octachlorodecane 
tris(4-chlorophenyl)methanol 
tribromobiphenyls
2,2', 5-trichlorobiphenyl
2.3.3 ',4,4'-pentachlorobiphenyl
1,2,3,4,6,7,8 -heptachlorodibenzo-p-dioxin
2,2',5,5'-tetrachlorobiphenyl
pentachlorophenol
6.2E+05 Poecilia reticulata
2.8E+05 Cichlasoma
2.4E+06 Poecilia reticulata
1.0E+06 Carassius auratus
2.3E+06 Salmo salar
4.3E+06 Brachydanio rerio
1.9E+08 Poecilia reticulata
4.0E+08 Oncorhynchus mykiss
4.2E+07 Oncorhynchus mykiss
1.3E+07 Poecilia reticulata
2.8E+05 Oncorhynchus mykiss
2.2E+05 Lepomis macrochirus
3.2E+06 Oncorhynchus mykiss
3.5E+05 Oncorhynchus mykiss
1.7E+06 Brachydanio rerio
6.2E+07 Pimephales promelas
4.0E+05 Oncorhynchus mykiss
6.3E+06 Poecilia reticulata
6.2E+05 Pimephales promelas
4.2E+07 Poecilia reticulata
6.2E+05 Poecilia reticulata
2.5E+05 Lepomis macrochirus
2.6E+06 Oncorhynchus mykiss
6.3E+06 Oncorhynchus mykiss
1.0E+05 Oncorhynchus mykiss
1.1E+06 Oncorhynchus mykiss
2.8E+05 Cyprinus carpio
6.2E+06 Gadus morhua
1.6E+08 Pimephales promelas
6.2E+05 Brachydanio rerio
1.3E+05 Anguilla anguilla
Osteichthyes 1.4E-04 2.1E-02 9.4E-02
Osteichthyes 4.4E-02 2.2E-02 3.4E-02
Osteichthyes 3.5E-04 2.2E-02 4.7E-02
Osteichthyes 2.2E-02 2.2E-02 2.2E-02
Osteichthyes 8.0E-03 2.2E-02 2.2E-02
Osteichthyes 2.4E-04 2.2E-02 4.5E-02
Osteichthyes 1.0E-04 2.3E-02 1.6E-02
Osteichthyes l.OE+OO 2.3E-02 1.3E-03
Osteichthyes 9.0E-03 2.4E-02 9.0E-03
Osteichthyes 1.0E-04 2.4E-02 4.2E-02
Osteichthyes 1.0E-02 2.4E-02 4.9E-02
Osteichthyes 2.5E-01 2.5E-02 2.5E-02
Osteichthyes 3.9E-02 2.5E-02 1.4E-02
Osteichthyes 9.0E-02 2.6E-02 2.4E-02
Osteichthyes 2.4E-04 2.8E-02 5.7E-02
Osteichthyes 2.5E-03 2.9E-02 1.1E-02
Osteichthyes 5.0E+00 2.9E-02 8.4E-03
Osteichthyes 1.0E-04 2.9E-02 5.2E-02
Osteichthyes 8.9E-04 3.0E-02 5.9E-02
Osteichthyes 1.0E-04 3.1E-02 2.8E-02
Osteichthyes 1.0E-04 3.3E-02 l.OE-Ol
Osteichthyes 7.2E-02 3.3E-02 3.2E-02
Osteichthyes 3.8E-04 3.3E-02 4.6E-02
Osteichthyes 3.7E+00 3.4E-02 3.7E-03
Osteichthyes 1.0E-02 3.4E-02 9.7E-02
Osteichthyes 1.1E-02 3.8E-02 2.6E-02
Osteichthyes 8.3E-02 3.8E-02 2.9E-02
Osteichthyes 6.0E-07 3.8E-02 1.9E-01
Osteichthyes 2.5E-03 3.9E-02 7.5E-03
Osteichthyes 2.4E-04 3.9E-02 8.1E-02
Osteichthyes 9.8E-02 4.1E-02 4.5E-02
A
ppendix 
E
1.2.3.4.6.7.8 -heptachlorodibenzo-p-dioxin 
toxaphene
1.3.5.8-tetrachloronaphthalene 
2,2',4,5'-tetrachlorobiphenyl 
pentachlorobenzene
2.3.7.8-tetrachlorodibenzo-p-dioxin
1.2.3.4.7.8 -hexachlorodibenzo-p-dioxin 
2,2',3,5'-tetrachlorobiphenyl 
pentachlorophenol
2,2', 5-trichlorobiphenyl 
2,2',5,5'-tetrachlorobiphenyl
2.3.7.8-tetrachlorodibenzo-p-dioxin 
2,2',4,4',5,5'-hexachlorobiphenyl 
2,2',4,4',5,5'-hexachlorobiphenyl 
3,3',5,5'-tetrachlorobiphenyl
1,2,3,4,6,7,8,9-octachlorodibenzo-p-dioxin
3,6-dichlorodibenzo-p-furan 
hexachlorobenzene 
kepone
1.2.4-trichlorodibenzo-p-dioxin 
hexachlorobenzene
2.3.7.8-tetrachlorodibenzo-p-furan 
g-hexachlorocyclohexane
2.4.5-trichlorobiphenyl
1,2,5,6,9,10-hexachlorodecane
2.5-dichlorobiphenyl 
di-2-ethyl-hexylphthalate 
dieldrin
2,4',6-trichlorobiphenyl
methoxychlor
kepone
1.6E+08 Oncorhynchus mykiss
2.1E+04 Ictalurus melas
9.1E+05 Poecilia reticulata
2.3E+06 Brachydanio rerio
1.5E+05 Pimephales promelas
2.6E+06 Poecilia reticulata
6.2E+07 Oncorhynchus mykiss
5.4E+05 Brachydanio rerio
1.3E+05 Mysis relicta
2.8E+05 Carassius auratus
6.2E+05 Poecilia reticulata
2.6E+06 Pimephales promelas
6.3E+06 Mysis relicta
6.3E+06 Pimephales promelas
4.0E+06 Poecilia reticulata
4.0E+08 Pimephales promelas
1.2E+05 Oncorhynchus mykiss
5.4E+05 Oncorhynchus mykiss
2.6E+05 Pimephales promelas
2.8E+06 Oncorhynchus mykiss
5.4E+05 Poecilia reticulata
1.3E+06 Poecilia reticulata
4.9E+03 Oncorhynchus mykiss
7.9E+05 Poecilia reticulata
2.0E+06 Oncorhynchus mykiss
1.3E+05 Carassius auratus
1.6E+04 Pimephales promelas
2.5E+05 Ictalurus melas
3.0E+05 Cyprinus carpio
2.0E+04 Oncorhynchus mykiss
2.6E+05 Ictalurus melas
Osteichthyes 3.0E-04 4.2E-02 1.3E-02
Osteichthyes 2.0E-02 4.3E-02 2.3E-01
Osteichthyes 3.5E-04 4.5E-02 6.3E-02
Osteichthyes 2.4E-04 4.6E-02 5.3E-02
Osteichthyes 5.2E-04 4.6E-02 1.5E-01
Osteichthyes 1.0E-04 4.6E-02 6.4E-02
Osteichthyes 3.0E-04 4.6E-02 1.8E-02
Osteichthyes 2.4E-04 4.6E-02 8.7E-02
Crustacea 1.7E-04 4.7E-02 2.2E-01
Osteichthyes 5.0E-03 4.8E-02 5.8E-02
Osteichthyes 1.0E-04 4.8E-02 l.OE-Ol
Osteichthyes 1.0E-03 4.8E-02 3.6E-02
Crustacea 1.7E-04 4.9E-02 4.5E-02
Osteichthyes 1.2E-03 5.0E-02 2.8E-02
Osteichthyes 1.0E-04 5.3E-02 5.8E-02
Osteichthyes 2.0E-03 5.3E-02 6.4E-03
Osteichthyes l.OE+OO 5.6E-02 2.7E-02
Osteichthyes 9.0E-03 5.7E-02 3.5E-02
Osteichthyes 5.0E-03 5.8E-02 6.1E-02
Osteichthyes l.OE+OO 5.8E-02 6.2E-03
Osteichthyes 6.2E-04 6.2E-02 6.9E-02
Osteichthyes 1.0E-04 6.2E-02 7.8E-02
Osteichthyes 1.4E-01 6.3E-02 2.6E-01
Osteichthyes 9.8E-05 6.3E-02 9.2E-02
Osteichthyes 3.7E+00 6.5E-02 4.9E-03
Osteichthyes 5.0E-03 6.6E-02 9.8E-02
Osteichthyes 1.2E-03 6.7E-02 5.4E-01
Osteichthyes 6.0E-01 6.9E-02 1.9E-02
Osteichthyes 8.3E-02 7.4E-02 2.8E-02
Osteichthyes 5.0E-02 7.7E-02 1.9E-01
Osteichthyes 1.8E-02 7.7E-02 4.4E-02
A
ppendix 
E
hexachlorocyclopentadiene 
pentachlorobenzene 
2,4'-dichlorobiphenyl 
2,2',4-trichlorobiphenyl
1,2,9,10-tetrachlorodecane
1,3,7 -trichloronaphthalene 
2,4', 5-trichlorobiphenyl
2,3-dichlorodibenzo-p-dioxin
1.3.6.8-tetrachlorodibenzo-p-dioxin
1.3.6.8-tetrachlorodibenzo-p-dioxin
1.2.3.4-tetrachloronaphthalene 
pentachlorophenol
aldrin
pentachlorobenzene
2,2',4,6-tetrachlorobiphenyl
1,2,3,7,8 -pentachlorodibenzo-p-dioxin
2.4-dichlorobiphenyl
2.5-dichlorobiphenyl 
pentachlorobenzene
1.3.6.8-tetrachlorodibenzo-p-dioxin 
2,2',6,6'-tetrachlorobiphenyl 
hexachlorobutadiene
dieldrin
pentachloroanisole
2,3,3 ',4,4'-pentachlorobiphenyl
benzo(b)naphto(2,3d)thiophene
2.3.4.7.8-pentachlorodibenzo-p-dioxin
1,2,3,4,6,7,8,9-octachlorodibenzo-p-dioxin 
4,4'-dibromobiphenyl
2,2', 3 -trichlorobiphenyl 
pentachlorophenol
3.2E+05 Carassius auratus
1.5E+05 Poecilia reticulata
1.2E+05 Cyprinus carpio
3.2E+05 Cyprinus carpio
6.3E+05 Oncorhynchus mykiss
3.9E+05 Poecilia reticulata
4.8E+05 Brachydanio rerio
5.9E+05 Oncorhynchus mykiss
1.3E+07 Oncorhynchus mykiss
1.3E+07 Pimephales promelas
3.2E+05 Poecilia reticulata
1.3E+05 Oncorhynchus mykiss
3.2E+06 Salmo salar
1.5E+05 Pimephales promelas
1.2E+06 Cyprinus carpio
3.2E+07 Poecilia reticulata
1.4E+05 Cyprinus carpio
1.3E+05 Poecilia reticulata
1.5E+05 Poecilia reticulata
1.3E+07 Oncorhynchus mykiss
8.7E+05 Poecilia reticulata
5.5E+03 Carassius auratus
2.5E+05 Carassius auratus
2.8E+05 Oncorhynchus mykiss
6.2E+06 Brachydanio rerio
1.2E+05 Poecilia reticulata
2.3E+07 Poecilia reticulata
4.0E+08 Oncorhynchus mykiss
5.2E+05 Poecilia reticulata
1.3E+05 Cyprinus carpio
1.3E+05 Lepomis macrochirus
Osteichthyes 3.6E-02 7.7E-02 3.2E-02
Osteichthyes 3.5E-04 7.8E-02 1.7E-01
Osteichthyes 8.3E-02 8.0E-02 4.9E-02
Osteichthyes 8.3E-02 8.0E-02 2.7E-02
Osteichthyes 3.7E+00 8.3E-02 7.2E-03
Osteichthyes 3.5E-04 8.4E-02 9.3E-02
Osteichthyes 2.4E-04 8.7E-02 9.2E-02
Osteichthyes l.OE+OO 9.2E-02 1.0E-02
Osteichthyes 5.0E-04 9.6E-02 2.8E-02
Osteichthyes 2.0E-03 9.9E-02 2.0E-02
Osteichthyes 3.5E-04 9.9E-02 l.OE-Ol
Osteichthyes 2.5E-01 9.9E-02 3.6E-02
Osteichthyes 8.0E-03 9.9E-02 2.0E-02
Osteichthyes 2.2E-04 l.OE-Ol 1.9E-01
Osteichthyes 8.3E-02 l.OE-Ol 1.5E-02
Osteichthyes 1.0E-04 1.1E-01 3.1E-02
Osteichthyes 8.3E-02 1.1E-01 4.4E-02
Osteichthyes 1.9E-04 1.1E-01 2.2E-01
Osteichthyes 6.2E-04 1.1E-01 1.5E-01
Osteichthyes 5.0E-04 1.1E-01 2.8E-02
Osteichthyes 1.0E-04 1.2E-01 8.8E-02
Osteichthyes 5.0E-03 1.2E-01 5.7E-01
Osteichthyes 5.0E-03 1.2E-01 6.2E-02
Osteichthyes 9.0E-03 1.2E-01 5.0E-02
Osteichthyes 3.9E-07 1.2E-01 2.1E-01
Osteichthyes 2.0E-03 1.2E-01 1.3E-01
Osteichthyes 1.0E-04 1.2E-01 3.5E-02
Osteichthyes 5.0E-04 1.2E-01 9.0E-03
Osteichthyes 9.8E-05 1.3E-01 1.1E-01
Osteichthyes 8.3E-02 1.3E-01 4.7E-02
Osteichthyes 2.9E-02 1.3E-01 6.1E-02
A
ppendix 
E
3.3 '-dichlorobiphenyl
2,3-dichloronaphthalene
2.7-dichloronaphthalene 
2,2',4,6,6'-pentachlorobiphenyl 
pentachlorobenzene
2,4,6-tribromobiphenyl
1,8 -dichloronaphthalene 
pentabromotoluene
1.2.3.7-tetrachlorodibenzo-p-dioxin 
endrin
2.5-dichlorobiphenyl
1,2,9,10-tetrachloroundecane
g-hexachlorocyclohexane
permethrin
1.2.3.7-tetrachlorodibenzo-p-dioxin
1.2.4.5-tetrabromobenzene 
DDT
pentachlorobenzene
2,2'-dichlorobiphenyl
1.2.3.4.7-pentachlorodibenzo-p-dioxin 
2,4', 5-trichlorobiphenyl
terbutryn
hexadecylethylene glycol monododecyl 
ether
2,2',5,5'-tetrachlorobiphenyl
pentabromobenzene
endosulfan
rotenone
trifluralin
1.2.3.7-tetrachlorodibenzo-p-dioxin
1.2.3 -trichlorobenzene
1.9E+05 Oncorhynchus mykiss
5.1E+04 Poecilia reticulata
6.5E+04 Poecilia reticulata
2.3E+05 Poecilia reticulata
1.5E+05 Pimephales promelas
1.1E+06 Poecilia reticulata
2.6E+04 Poecilia reticulata
6.3E+07 Poecilia reticulata
8.1E+06 Pimephales promelas
2.2E+05 Ictalurus melas
1.3E+05 Cyprinus carpio
1.3E+06 Oncorhynchus mykiss
4.9E+03 Poecilia reticulata
3.2E+06 Oncorhynchus mykiss
8.1E+06 Oncorhynchus mykiss
1.2E+06 Poecilia reticulata
2.3E+06 Ictalurus melas
1.5E+05 Poecilia reticulata
5.4E+04 Cyprinus carpio
2.8E+07 Pimephales promelas
4.8E+05 Gadus morhua
3.1E+03 Oncorhynchus mykiss
1.0E+05 Cyprinus carpio
6.2E+05 Pimephales promelas
4.5E+05 Poecilia reticulata
4.0E+03 Carassius auratus
8.9E+03 Oncorhynchus mykiss
9.3E+03 Pimephales promelas
8.1E+06 Pimephales promelas
1.4E+04 Pimephales promelas
Osteichthyes 9.0E-01 1.4E-01 2.0E-02
Osteichthyes 3.5E-04 1.4E-01 3.6E-01
Osteichthyes 3.5E-04 1.4E-01 3.1E-01
Osteichthyes 1.0E-04 1.5E-01 1.7E-01
Osteichthyes 1.2E-03 1.5E-01 1.3E-01
Osteichthyes 9.8E-05 1.5E-01 8.2E-02
Osteichthyes 3.5E-04 1.6E-01 5.7E-01
Osteichthyes 1.9E-04 1.6E-01 2.0E-02
Osteichthyes 1.0E-03 1.6E-01 2.7E-02
Osteichthyes 6.0E-01 1.6E-01 2.0E-02
Osteichthyes 8.3E-02 1.7E-01 4.8E-02
Osteichthyes 1.7E-01 1.7E-01 1.2E-02
Osteichthyes 2.0E-03 1.7E-01 7.4E-01
Osteichthyes 5.0E-04 1.7E-01 4.1E-02
Osteichthyes 1.0E-03 1.8E-01 2.7E-02
Osteichthyes 1.9E-04 1.9E-01 6.7E-02
Osteichthyes 2.0E-02 1.9E-01 1.7E-02
Osteichthyes 1.9E-04 2.0E-01 2.0E-01
Osteichthyes 8.3E-02 2.1E-01 8.9E-02
Osteichthyes 2.5E-03 2.1E-01 1.5E-02
Osteichthyes 6.0E-07 2.1E-01 4.1E-01
Osteichthyes 1.3E-04 2.1E-01 1.6E+00
Osteichthyes 7.5E-04 2.2E-01 1.9E-01
Osteichthyes 5.5E-05 2.2E-01 1.2E-01
Osteichthyes 1.9E-04 2.3E-01 l.OE-Ol
Osteichthyes 1.5E-02 2.3E-01 4.7E-01
Osteichthyes 5.6E-01 2.3E-01 1.5E-01
Osteichthyes 1.0E-03 2.3E-01 7.2E-01
Osteichthyes 2.5E-03 2.3E-01 2.2E-02
Osteichthyes 3.3E-04 2.4E-01 8.1E-01
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octaethylene glycol monododecyl ether 
pentachlorobenzene
1.2.3.4-tetrachlorobenzene
1.2.3.5-tetrachlorobenzene 
dibenzothiophene
2,2', 5-trichlorobiphenyl 
dibenzo( 1,4)dioxan 
thianthrene
1.2.4.5-tetrabromobenzene
1.2.3.4.7-pentachlorodibenzo-p-dioxin 
bromophos
1,3,5 -tribromobenzene 
2,2'-bithiophene 
pentachlorophenol 
2-chloronaphthalene
2.5-dichlorobiphenyl 
dibenzo(b)furan 
biphenyl
pentachlorobenzene
xanthene
2,2',6-trichlorobiphenyl
2,2',6,6'-tetrachlorobiphenyl
4,4'-dichlorobiphenyl
butachlor
1.2.3.4.7-pentachlorodibenzo-p-dioxin 
chlorpyrifos
1,2,3 -trichlorobenzene
2.7-dichlorodibenzo-p-dioxin
0-ethyl 0-4-nitrophenyl phenylphospho- 
nothioate
1.2.3.5-tetrachlorobenzene
3.4E+04 Cyprinus carpio
1.5E+05 Pimephales promelas
2.9E+04 Pimephales promelas
4.6E+04 Poecilia reticulata
2.4E+04 Poecilia reticulata
2.8E+05 Brachydanio rerio
1.5E+04 Poecilia reticulata
3.0E+04 Poecilia reticulata
1.2E+06 Gambusia affinis
2.8E+07 Oncorhynchus mykiss
1.6E+05 Poecilia reticulata
3.2E+04 Poecilia reticulata
5.6E+03 Poecilia reticulata
1.3E+05 Carassius auratus
1.5E+04 Poecilia reticulata
1.3E+05 Brachydanio rerio
1.3E+04 Poecilia reticulata
1.0E+04 Oncorhynchus mykiss
1.5E+05 Gambusia affinis
1.7E+04 Poecilia reticulata
1.1E+05 Cyprinus carpio
8.7E+05 Brachydanio rerio
1.7E+05 Cyprinus carpio
3.2E+04 Aristichthys nobilis
2.8E+07 Pimephales promelas
1.9E+05 Poecilia reticulata
1.4E+04 Poecilia reticulata
5.6E+05 Oncorhynchus mykiss
3.2E+04 Oryzias latipes
4.6E+04 Gambusia affinis
Osteichthyes 7.5E-04 2.4E-01 3.9E-01
Osteichthyes 6.8E-05 2.4E-01 2.6E-01
Osteichthyes 2.5E-04 2.5E-01 5.8E-01
Osteichthyes 6.2E-04 2.6E-01 3.4E-01
Osteichthyes 2.0E-03 2.9E-01 3.8E-01
Osteichthyes 2.4E-04 2.9E-01 1.3E-01
Osteichthyes 2.0E-03 3.1E-01 4.5E-01
Osteichthyes 2.0E-03 3.1E-01 3.2E-01
Osteichthyes 1.9E-03 3.2E-01 3.7E-02
Osteichthyes 5.5E-04 3.2E-01 2.0E-02
Osteichthyes 1.1E-04 3.3E-01 2.2E-01
Osteichthyes 1.4E-04 3.3E-01 6.0E-01
Osteichthyes 2.0E-03 3.4E-01 6.3E-01
Osteichthyes 4.0E-02 3.5E-01 5.7E-02
Osteichthyes 4.7E-04 3.5E-01 6.5E-01
Osteichthyes 2.4E-04 3.6E-01 2.1E-01
Osteichthyes 2.0E-03 3.6E-01 4.8E-01
Osteichthyes 9.0E-03 3.7E-01 3.7E-01
Osteichthyes 1.9E-03 3.8E-01 1.1E-01
Osteichthyes 2.0E-03 3.8E-01 4.3E-01
Osteichthyes 8.3E-02 3.9E-01 5.4E-02
Osteichthyes 2.4E-04 3.9E-01 7.1E-02
Osteichthyes 8.3E-02 4.1E-01 4.0E-02
Osteichthyes 4.0E-03 4.1E-01 2.6E-01
Osteichthyes 1.0E-03 4.4E-01 1.7E-02
Osteichthyes 2.0E-03 4.4E-01 9.5E-02
Osteichthyes 6.2E-04 4.5E-01 6.3E-01
Osteichthyes l.OE+OO 4.6E-01 1.1E-02
Osteichthyes 2.2E-04 4.8E-01 5.4E-01
Osteichthyes 1.9E-03 4.8E-01 2.5E-01
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hexachlorobenzene
1.2.4-tribromobenzene
2-13-(p-sulfophenyl)-dodecane
fenthion
metolachlor
di-2-ethyl-hexylphthalate
pentachlorobenzene
1.2.3 -trichlorobenzene
1.4-dichlorobenzene 
di-2-ethyl-hexylphthalate
diethylthiocarbamic acid, s-(p- 
chlorobenzyl) ester 
acridine
2-1 l-(p-sulfophenyl)-dodecane
2-12-(p-sulfophenyl)-dodecane
terbutryn
fenitrothion
4-nonylphenol
1.4-dichlorobenzene 
g-hexachlorocyclohexane
1.2.3 -trichlorobenzene 
fenitrothion
tetraethylene glycol monododecyl ether
1.4-dichloronaphthalene
1.4-dibromobenzene 
diphenylether 
diazinon
g-hexachlorocyclohexane
trichlorophenols
benzo(a)acridine
1.4-dibromobenzene
5.4E+05 Gambusia affinis
1.2E+05 Gambusia affinis
1.2E+04 Pimephales promelas
1.5E+04 Poecilia reticulata
1.9E+03 Ictalurus melas
1.6E+04 Cyprinodon variegatus
1.5E+05 Pimephales promelas
1.4E+04 Pimephales promelas
2.4E+03 Oncorhynchus mykiss
1.6E+04 Lepomis macrochirus
2.6E+03 Ictalurus melas
2.5E+03 Poecilia reticulata
1.0E+03 Pimephales promelas
3.5E+03 Pimephales promelas
3.1E+03 Ictalurus melas
3.0E+03 Anguilla anguilla
5.8E+05 Salmo salar
2.4E+03 Poecilia reticulata
4.9E+03 Brachydanio rerio
1.4E+04 Gambusia affinis
3.0E+03 Poecilia reticulata
1.0E+05 Lepomis macrochirus
7.6E+04 Poecilia reticulata
6.2E+03 Gambusia affinis
1.6E+04 Oncorhynchus mykiss
6.5E+03 Poecilia reticulata
4.9E+03 Carassius auratus
5.5E+03 Pimephales promelas
2.8E+04 Pimephales promelas
6.2E+03 Poecilia reticulata
Osteichthyes 1.9E-03 4.9E-01 5.2E-02
Osteichthyes 1.9E-03 5.8E-01 1.3E-01
Osteichthyes 7.5E-04 6.0E-01 6.4E-01
Osteichthyes 1.1E-04 6.0E-01 9.6E-01
Osteichthyes 2.0E-02 6.0E-01 4.2E-01
Osteichthyes 3.0E-03 6.2E-01 4.0E-01
Osteichthyes 4.5E-05 6.2E-01 2.9E-01
Osteichthyes 1.8E-04 6.3E-01 8.6E-01
Osteichthyes 9.0E-03 6.3E-01 5.0E-01
Osteichthyes 9.9E-04 6.7E-01 5.3E-01
Osteichthyes 1.0E-03 6.9E-01 8.6E-01
Osteichthyes 2.0E-03 7.4E-01 7.3E-01
Osteichthyes 7.5E-04 8.0E-01 9.9E-01
Osteichthyes 7.4E-03 8.1E-01 5.0E-01
Osteichthyes 2.0E-02 9.2E-01 4.0E-01
Osteichthyes 2.5E-02 9.6E-01 3.8E-01
Osteichthyes 9.5E-02 9.8E-01 1.9E-02
Osteichthyes 6.2E-04 l.OE+OO 9.8E-01
Osteichthyes 3.0E-04 l.OE+OO l.OE+OO
Osteichthyes 1.9E-03 1.1E+00 4.8E-01
Osteichthyes 1.1E-04 1.1E+00 1.5E+00
Osteichthyes 7.5E-04 1.2E+00 1.9E-01
Osteichthyes 1.9E-04 1.2E+00 3.2E-01
Osteichthyes 1.9E-03 1.3E+00 6.3E-01
Osteichthyes 2.9E-02 1.4E+00 2.3E-01
Osteichthyes 4.6E-04 1.4E+00 8.9E-01
Osteichthyes 5.0E-03 1.4E+00 5.2E-01
Osteichthyes 5.0E-04 1.4E+00 9.0E-01
Osteichthyes 5.0E-01 1.4E+00 8.3E-02
Osteichthyes 9.8E-05 1.4E+00 1.3E+00
1,4-dichlorobenzene 
fenitrothion
2,4', 5-trichlorobiphenyl 
carbazole
1,3 -dichlorobenzene 
butachlor
methylisocyanothion
thiobencarb
1,2,3,7-tetrachlorodibenzo-p-dioxin
fenitrothion
diazinon
diazinon
diazinon
octaethylene glycol monohexyldecyl ether
benzo(b)thiophene
diazinon
13H-dibenzo(a,i)carbazole 
chlorthion
tetraethylene glycol monotetradecyl ether
iodofenphos
2,6-diphenylpyridine
octaethylene glycol monotetradecyl ether
octaethylene glycol monotridecyl ether
chiome thoxyfen
2.4E+03 Gambusia affinis
3.0E+03 Anguilla anguilla
4.8E+05 Brachydanio rerio
5.2E+03 Poecilia reticulata
2.4E+03 Pimephales promelas
3.2E+04 Aristichthys nobilis
3.8E+03 Poecilia reticulata
2.6E+03 Aristichthys nobilis
8.1E+06 Oncorhynchus mykiss
3.0E+03 Oryzias latipes
6.5E+03 Brachydanio rerio
6.5E+03 Oryzias latipes
6.5E+03 Brachydanio rerio
4.9E+06 Pimephales promelas
1.3E+03 Poecilia reticulata
6.5E+03 Poecilia reticulata
7.8E+05 Poecilia reticulata
4.3E+03 Poecilia reticulata
1.0E+06 Pimephales promelas
3.2E+05 Poecilia reticulata
6.6E+04 Poecilia reticulata
4.1E+05 Pimephales promelas
1.2E+05 Pimephales promelas
2.5E+04 Aristichthys nobilis
oo
Osteichthyes 1.9E-03 1.4E+00 7.4E-01
Osteichthyes 2.5E-02 1.4E+00 3.8E-01
Osteichthyes 3.9E-07 1.6E+00 4.6E-01
Osteichthyes 2.0E-03 1.6E+00 6.4E-01
Osteichthyes 2.6E-03 1.7E+00 6.8E-01
Osteichthyes 4.0E-03 1.7E+00 2.6E-01
Osteichthyes 1.1E-04 1.9E+00 1.4E+00
Osteichthyes 4.0E-03 2.1E+00 6.1E-01
Osteichthyes 3.0E-04 2.6E+00 3.6E-02
Osteichthyes 2.2E-04 2.6E+00 1.2E+00
Osteichthyes 4.0E-04 2.6E+00 9.2E-01
Osteichthyes 2.2E-04 2.9E+00 1.1E+00
Osteichthyes 4.0E-04 3.1E+00 9.2E-01
Osteichthyes 7.5E-04 3.3E+00 3.3E-02
Osteichthyes 2.0E-03 3.4E+00 7.7E-01
Osteichthyes 6.0E-04 5.0E+00 8.3E-01
Osteichthyes 2.0E-03 5.8E+00 4.4E-02
Osteichthyes 1.1E-04 7.0E+00 1.4E+00
Osteichthyes 7.5E-04 7.0E+00 5.0E-02
Osteichthyes 1.1E-04 7.2E+00 1.4E-01
Osteichthyes 2.0E-03 7.4E+00 1.9E-01
Osteichthyes 7.5E-04 1.4E+01 7.6E-02
Osteichthyes 7.5E-04 1.9E+01 1.7E-01
Osteichthyes 4.0E-03 3.3E+01 3.0E-01
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T ab le  E .8. O b se rv ed  BAFs (H en d rik s , 1 9 9 5 b ; 
2 0 0 1  an d  re fe re n c e s  th e re in ;  V eltm an  e t  a l.,
H endriks e t  al. 
2 0 0 5 ).
,, 2 0 0 1 ; v an  d e r  Linde e t  a l.,
S u b s ta n c e  X Kow [^g -k g -1  w e t w e ig h t/^ g -l-  
1]
g -h e x a c h lo ro c y c lo h e x a n e 4 .9 E + 0 3 6 .6 E + 0 3
h e x a c h lo ro b u ta d ie n e 5 .5 E + 0 3 1 .2 E + 0 3
a -e n d o su lfa n 6 .8 E + 0 3 6 .3 E + 0 2
b -h e x a c h lo ro c y c lo h ex an e 6 .9 E + 0 3 1 .0 E + 0 3
1 ,2 ,4 ,5 - te tra c h lo ro b e n z e n e 4 .0 E + 0 4 8 .7 E + 0 1
dieldrin 2 .5 E + 0 5 1 .3 E + 0 4
2 ,4 ,4 '- tr ic h lo ro b ip h e n y l 5 .1 E + 0 5 4 .4 E + 0 3
h ex a c h lo ro b e n z e n e 5 .4 E + 0 5 2 .7 E + 0 3
2 ,2 ',5 ,5 '- te tra c h lo ro b ip h e n y l 6 .2 E + 0 5 6 .5 E + 0 4
4 ,4 '-D D D 1 .0 E + 0 6 2 .2 E + 0 5
2 ,2 ',4 ,5 ,5 '-p e n ta c h lo ro b ip h e n y l 1 .4 E + 0 6 9 .3 E + 0 4
4,4 '-D D T 2 .3 E + 0 6 5 .7 E + 0 4
4,4 '-D D E 3 .2 E + 0 6 2 .8 E + 0 5
2 ,2 ',3 ,4 ,4 ',5 ,5 '-h e p ta c h lo ro b ip h e n y l 3 .6 E + 0 6 4 .4 E + 0 5
2 ,3 ',4 ,4 ',5 -p e n ta c h lo ro b ip h e n y l 3 .7 E + 0 6 9 .0 E + 0 4
2 ,2 ',3 ,4 ,4 ',5 -h e x a c h lo ro b ip h e n y l 5 .2 E + 0 6 2 .7 E + 0 5
2 ,2 ',4 ,4 ',5 ,5 '-h e x a c h lo ro b ip h e n y l 6 .3 E + 0 6 4 .8 E + 0 5
a -h e x a c h lo ro c y c lo h e x a n e 6 .0 E + 0 3 6 .2 E + 0 2
2 ,2 ',4 ,4 ',5 ,5 '-h e x a c h lo ro b ip h e n y l 6 .3 E + 0 6 1 .1 E + 0 5
T ab le  E.9. 5 th , 5 0 th  an d  9 5 th  p e rcen tile  (p ) of m odelled  BAFs fo r a ra n g e  o f Kow.
Kow 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08 1.0E+09
5t h p 1 .0E+01 9.4E+01 1.0E+03 9.9E+03 4.8E+04 8.6E+04 8.1E+04
pth
o
5 5 .1E+01 5.1E+02 5.6E+03 6.7E+04 3.9E+05 4.0E+05 1.8E+05
95th p 2.3E+02 2.3E+03 2.4E+04 2.8E+05 1.8E+06 2.2E+06 6.7E+05
T ab le  E .10. 5 th , 5 0 th  an d  9 5 th  p e rcen tile  (p ) o f e s t im a te d  in tak e  ra te  c o n s ta n ts  via w a ­
te r  fo r a ra n g e  of Kow fo r m a ss  of 0 .1  kg.__________________________________________________
Kow 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08 1.0E+09
5th p
50th p
95th p
5.8E+00
1.4E+01
3.4E+01
4.6E+01
9.1E+01
1.6E+02
1.2E+02
2.1E+02
3.3E+02
1.4E+02
2.4E+02
4.0E+02
1.4E+02
2.5E+02
4.1E+02
1.4E+02
2.5E+02
4.1E+02
1.4E+02
2.5E+02
4.1E+02
T able  E .11. 5 th , 50 th  an d  9 5 th  p ercen tile  (p ) o f e s t im a te d  frac tio n s  of s u b s ta n c e  a ss im i­
la ted  fo r a ra n g e  of Kow.______________________________________________________________________
Kow 1 .0 E + 0 3 1 .0 E + 0 4 1 .0E + 0 5 1 .0 E + 0 6 1 .0E + 07 1 .0 E + 0 8 1 .0 E + 09
5th p 3 .1E -01 3 .2E -01 3 .2E -01 3 .0E -01 1.3E -01 1 .7E -02 1 .8E -03
5 o t z
r
p 6 .6 E -0 1 7 .0 E -0 1 6 .9 E -0 1 6 .3 E -0 1 4 .1 E -0 1 1 .1E -01 1 .3E -02
9 5 th p 8 .5 E -0 1 9 .1 E -0 1 9 .0 E -0 1 8 .5 E -0 1 7 .1 E -0 1 3 .8 E -0 1 8 .6 E -0 2
T ab le  E .12. 5 th , 5 0 th  an d  9 5 th  p e rcen tile  (p ) of e s t im a te d  to ta l e lim in a tio n  ra te  c o n s ta n t  
fo r a ra n g e  of Kow fo r m a ss  of 0 .1  kg.________________________________________________________
Kow 1 .0 E + 0 3 1 .0 E + 0 4 1 .0 E + 0 5 1 .0 E + 0 6 1 .0 E + 0 7 1 .0 E + 0 8 1 .0 E + 0 9
5th p 5 .6 E -0 2 4 .1 E -0 2 1 .3E -02 4 .0 E -0 3 2 .4 E -0 3 1 .8E -03 1 .6E -03
5 o t z
r
p 3 .1 E -0 1 2 .1 E -0 1 5 .9 E -0 2 1 .6E -02 7 .5 E -0 3 3 .4 E -0 3 2 .3 E -0 3
9 5 th p 1 .9 E + 0 0 1 .2 E + 0 0 3 .5 E -0 1 1 .3E -01 8 .3 E -0 2 3 .5 E -0 2 8 .1 E -0 3
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E. 5: Example calculation for uncertainty in Kow and metabolic substance transforma­
tion rate kX,out,m
T ab le  E .13. L ite ra tu re  v a lu e s , d is tr ib u tio n , so u rc e s  fo r u n c e rta in ty  in Kow an d  m e tab o lic  
tra n s fo rm a tio n  ra te  fo r B e n z o [a ]a n th ra c e n e  an d  ra tio  of th e  9 5 th p e rcen tile  an d  th e  5th 
p e rcen tile  of th e  M onte C arlo s imula t ions .
unit distribution
(log)
value source sd
(log)b
source
9h5p V 5t 95thp/5th 
d od p ratioe
log Kow [-] normal 5.91
Mackay et 
al. (1992b) 0.02
Mackay et 
al. 
(1992b)c
91.8
log
kX,out,m
d-1 normal
0.54 fish, 
0.17 inver­
Moermond 
et al. 0.35 Arnot etal. (2008) 4 .9  5.0tebrates (20 07 )a
a: recalculated to mass of 0.1kg for fish and 0.01 kg for invertebrates according to (Arnot et al., 
2009)
b: sd (log) standard deviation of the log-values 
c: calculated from all reported values
d: ratio of 95th percentile and 5th percentile for one source of uncertainty added (Kow or kX,out,m un­
certain)
e: ratio of 95th percentile /  5th percentile for both sources of uncertainty added Kow and kX,out,m un­
certain)
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Samenvatting
Beoordeling van risico’s van chemische stoffen heeft als doel om de kans op en de ernst 
van nadelige effecten op de gezondheid van mensen, dieren en planten als gevolg van bloot­
stelling aan chemische stoffen in te schatten. Het afleiden van concentraties in het milieu 
waaraan organismen kunnen worden blootgesteld is de eerste stap in de chemische risico­
beoordeling. De concentratie in het milieu is vaak niet bekend maar kan met behulp van ver- 
spreidingsmodellen worden geschat. Vanuit het milieu kunnen organismen stoffen opnemen 
wat leidt tot interne concentraties. Interne concentraties in organismen kunnen worden 
geschat vanuit concentraties in het milieu met behulp van bioaccumulatiemodellen.
Verschillende studies hebben aangetoond dat verspreidingsmodellen en bioaccumula- 
tiemodellen concentraties redelijk kunnen schatten. Bovendien worden deze modellen als nut­
tig gezien omdat ze gebruikt kunnen worden om het gedrag van stoffen in het milieu op een 
systematische manier te onderzoeken. Omdat er steeds meer stoffen door menselijke ac­
tiviteiten worden uitgestoten en de wetenschappelijke kennis voortschrijdt, is een continue 
verdere ontwikkeling van deze modellen wenselijk. Terwijl het toevoegen van meer details in 
modellen enerzijds tot meer realistische schattingen kan leiden, nemen daardoor anderzijds de 
complexiteit, de hoeveelheid invoerdata en, mogelijkerwijs, de onzekerheden toe. Deze on­
zekerheden kunnen voortkomen uit verschillende bronnen zoals modelaannames, verwaarloz­
ing van variatie in invoerdata of het gebrek aan precieze informatie over een parameter in het 
model. Als het doel van een modelstudie bijvoorbeeld is om de ruimtelijke verschillen in con­
centraties te voorspellen en men verwacht dat deze verschillen significant zijn, dan lijkt het 
een veelbelovende optie om ruimtelijke variabiliteit in de modellen te integreren en op deze 
wijze concentratieschattingen te verbeteren. Het is echter niet altijd duidelijk welke factoren 
(emissies, milieukarakteristieken, zoals temperatuur en windsnelheid, of stofeigenschappen) 
de grootste bijdrage leveren aan ruimtelijke verschillen in concentraties. Daarom is het ook 
niet op voorhand duidelijk welke bronnen van variatie onder welke condities toegevoegd 
moeten worden.
Een ander voorbeeld van mogelijke onzekerheden in modellen is dat modelschattingen 
van de bioaccumulatie van een groep organische verontreinigingen, polycyclische aroma­
tische koolwaterstoffen, lange tijd hoger waren dan veldobservaties. Sterke binding van deze 
stoffen aan roetdeeltjes heeft dit fenomeen kunnen verklaren. Dit proces werd in verspreid- 
ingsmodellen meestal verwaarloosd. Verschillende auteurs hebben aangetoond dat integratie 
van binding aan roetdeeltjes in bioaccumulatie modellen tot betere schattingen leidt van bio- 
accumulatie van polycyclische aromatische koolwaterstoffen. Het toevoegen van een nieuwe 
term leidt echter ook tot extra onzekerheid. Daarom is het belangrijk om te weten welke bron 
van onzekerheid het meest bijdraagt aan de totale onzekerheid in modellen. Anders bestaat het 
risico dat toevoegingen in een model weinig bijdragen tot betere schattingen van de echte 
situatie, omdat hun effecten worden overschaduwd worden door onzekerheden uit andere 
bronnen.
Het doel van dit proefschrift is om meerdere bronnen van onzekerheid in verspreidings- en 
bioaccumulatiemodellen te kwantificeren met een focus op organische stoffen. Meer in het 
bijzonder worden de volgende bronnen van onzekerheid onderzocht:
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• verwaarlozing van ruimtelijke en temporele variabiliteit in emissies;
• verwaarlozing van ruimtelijke variabiliteit in milieukarakteristieken;
• parameter onzekerheid;
• verschillen tussen modellen;
• verwaarlozing van binding aan roetdeeltjes.
Het eerste hoofdstuk beschrijft verspreidingsmodellen en bioaccumulatiemodellen nader 
en gaat in op verschillende types van onzekerheden.
In hoofdstuk 2 wordt de relatieve bijdrage op de concentraties van Benzo[a]pyreen (BaP) 
beoordeeld van (i) onzekerheid in parameters die stofeigenschappen beschrijven, (ii) onzeker­
heid door verwaarlozing van ruimtelijke variabiliteit, (iii) onzekerheid door verschillen tussen 
modellen, en (iv) onzekerheid door verwaarlozing van binding aan roetdeeltjes. Hiertoe 
worden concentraties in lucht, bodemporie water en zoet water in Europa voorspeld met het 
verspreidingsmodel SimpleBox. De invloed van onzekerheid over stofeigenschappen wordt 
geschat met probabilistische modellering, waarbij kansverdelingen van een eigenschap 
worden ingevoerd, wat ook tot een kansverdeling van mogelijke resultaten leidt. De invloed 
van ruimtelijke variabiliteit wordt gekwantificeerd door de variatie in concentraties te schatten 
met drie ruimtelijk gedifferentieerde modellen (Impact 2002, EVn BETR, BETR Global). 
Modelonzekerheid door verschillen tussen modellen wordt gekwantificeerd door de gemid­
delde concentraties te vergelijken die SimpleBox, Impact 2002, EVn BETR and BETR Global 
voorspellen. Tenslotte worden schattingen met meeneming van roetbinding in SimpleBox 
vergeleken met uitkomsten waarin binding aan roet niet mee is genomen. Als resultaat wordt 
gevonden dat het gebrek aan ruimtelijke variabiliteit in emissie de grootste invloed heeft op 
voorspelde concentraties in lucht. Voor concentraties in zoet water zijn verschillen tussen 
modellen en een gebrek aan ruimtelijke variabiliteit in waterkarakteristieken de meest belan­
grijke bronnen van onzekerheid. Alle onzekerheden zijn van vergelijkbare orde van grootte 
voor concentraties in de bodem.
In hoofdstuk 3 wordt nader onderzocht welke factoren bepalend zijn voor de ruimtelijke 
variabiliteit in geschatte concentraties van zeven persistente organische verontreinigingen in 
lucht, zoet water en bodem. Dit is op twee manieren gedaan. Ten eerste is de invloed van (i) 
ruimtelijke variabiliteit in emissies en (ii) van ruimtelijke variabiliteit in milieukarakteris- 
tieken systematisch onderzocht. Hiertoe is gebruik gemaakt van een verspreidingsmodel met 
meerdere schalen van lokaal naar continentaal. De lokale schaal is met milieukarakteristieken 
voor verschillende regio’s in Europa geparametriseerd. Ten tweede is een literatuuronderzoek 
uitgevoerd naar de factoren die de ruimtelijke variabiliteit in concentraties bepalen. Uit een 
synthese van deze twee benaderingen komt de ruimtelijke variabiliteit in emissies als domi­
nante factor voor de ruimtelijke variabiliteit in geschatte concentraties naar voren. De vari­
abiliteit in milieukarakteristieken kan ook van invloed zijn op de variatie in uitkomsten, onder 
de voorwaarde dat de emissies homogeen verdeeld zijn en de doelcompartimenten bodem 
en/of water zijn.
In hoofdstuk 4 worden verschillende modelscenario’s voor het voorspellen van de concen­
tratie van PCB-153 in lucht, bodem, zoet water sediment en zoet water organismen met elkaar 
vergeleken. Daartoe is hetzelfde geneste verspreidingsmodel gebruikt als in hoofdstuk 3, dit­
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maal gekoppeld aan een bioaccumulatiemodel. In het meest uitgebreide scenario zijn concen­
traties in lucht, bodem, zoet water sediment en zoet water organismen geschat met ruimtelijk 
variabele milieukarakteristieken en ruimtelijk variabele emissies naar lucht en water in de pe­
riode 1930-2005. In het minst gedetailleerde scenario is gerekend met een homogeen milieu 
en gelijk verdeelde emissies naar lucht in ruimte en tijd. In vier opeenvolgende scenario’s is 
steeds één bron van variatie (ruimtelijke variabiliteit in emissies, temporele variabiliteit in 
emissies, ruimtelijke variabiliteit in het milieu en emissies naar water naast die naar lucht) 
weggelaten. De resultaten van ieder scenario zijn vergeleken met metingen van PCB-153 con­
centraties in het milieu. Het verschil tussen voorspelde en gemeten concentraties is voor lucht, 
sediment en organismen het kleinst in het meest gedetailleerde scenario. Met uitzondering van 
lucht, worden concentraties vaak onderschat. In het minst gedetailleerde scenario neemt de 
onzekerheid toe voor alle compartimenten behalve voor bodem. Voor bodem nemen de ver­
schillen tussen gemeten en voorspelde concentraties zelfs af in het minst gedetailleerde sce­
nario. Net als uit hoofdstuk 3 kan ook uit hoofdstuk 4 wordt geconcludeerd dat de variatie in 
emissies van grotere invloed is op voorspelde variatie in lucht, sediment en organismen dan 
de variatie in milieukarakteristieken. Om schattingen van de concentraties in sediment en 
aquatische organismen te verbeteren, zijn ook emissies naar water van belang.
In hoofdstuk 5 is onderzocht of observaties van accumulatie van polycyclische aroma­
tische koolwaterstoffen (PAKs) beter kunnen worden verklaard door het toevoegen van bind­
ing aan roet in schattingen. De toegevoegde onzekerheid door binding aan roet mee te nemen 
in de modellering is gekwantificeerd met Monte Carlo simulaties. Onzekerheid door gebrek 
aan precieze informatie over parameters en variabiliteit in roetgehalte en stofconcentraties 
worden daarin meegenomen. Met roetbinding is de accumulatie van PAKs in organismen, 
uitgedrukt in de Biota-Solids-Accumulation-Factor één tot twee ordes van grootte lager dan 
zonder binding aan roet mee te nemen en komt beter overeen met veldwaarnemingen in zout 
water, zoet water en landecosystemen. Indien roetgehaltes niet bekend zijn, is het verschil tus­
sen schattingen en waarnemingen een tot twee ordes van grootte (90 percentiel betrouwbaar­
heidsinterval). Indien roetgehaltes bekend zijn, is het verschil tussen schattingen en 
waarnemingen nog een factor drie. Dat houdt in dat schattingen van bioaccumulatie substan­
tieel verbeterd kunnen worden door standaard roetgehaltes te meten en binding van PAKs aan 
roet mee te nemen.
In hoofdstuk 6 is de parameteronzekerheid in geschatte bioaccumulatiefactoren gekwan­
tificeerd met Monte Carlo simulaties. Hiervoor is het model OMEGA geparametriseerd op 
basis van gegevens uit literatuuronderzoek, allometrische data en m a x im u m  lik e l ih o o d  e s tim a ­
tio n . Met allometrische verbanden kunnen processen zoals voedselinname, waterabsorptie en 
(re)productie gerelateerd worden aan gewicht van het organisme. Onzekerheden zijn meege­
nomen in vetgehalte van het organisme, daadwerkelijk geassimileerde fracties van het opge­
nomen voedsel, weerstanden in water- en vetlagen en allometrische coefficienten. De on­
zekerheid in weerstanden in water- en vetlagen zijn met name belangrijk voor de schatting 
van inname van stoffen via water. De geassimileerde voedselfracties en weerstanden zijn met 
name belangrijk voor inname via voedsel. De onzekerheid in gemodelleerde bioaccumulatie- 
factoren voor vissen is ongeveer een factor 10 (ratio van het 95de en het 5de percentiel). Deze 
onzekerheid wordt vooral veroorzaakt door onzekerheid in vetgehaltes. Voor stoffen met een
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octanol-water-partitie-coefficient (Kow), die gezien kan worden als een maat voor de 
‘voorkeur’ van een stof voor vet, van 103 tot 106 wordt de onzekerheid in bioaccumulatiefac- 
toren hoofdzakelijk veroorzaakt door onzekerheid in het vetgehalte van vis. Voor stoffen met 
een hogere Kow (>10 ) worden ook de geassimileerde voedselfractie en de weerstanden belan­
grijk (tot zo’n 60% van de onzekerheid).
Uit hoofdstuk 7 komt een aantal mogelijke verbeteringen van modeltoepassingen naar voren 
voor de schatting van stofgedrag. Betrouwbare, ruimtelijk expliciete emissiegegevens naar 
alle relevante emissiecompartimenten zijn een eerste vereist voor betrouwbare concentrati- 
eschattingen met behulp van verspreidingsmodellen. Gebrek aan ruimtelijke variabiliteit in 
emissies is voor alle compartimenten (behalve bodem) belangrijk en domineert de onzeker­
heid in lucht, zoet water sediment en zoet water organismen. Voor verbeterde schattingen van 
concentraties in zoet water, is op de eerste plaats een zorgvuldige modelkeuze van belang. 
Verschillen tussen modellen domineren onzekerheid in zoet water, maar realistische dimen­
sies en waterverblijftijden van meren, rivieren en dergelijke zijn ook van groot belang. Voor 
bodem is geconcludeerd dat bij de huidige stand van kennis, eenvoudige modellen even goed 
zijn voor globale concentratieschattingen als meer gedetailleerde benaderingen. Bovendien is 
uit de resultaten voor bodem afgeleidt dat voor de identificatie van de meest veelbelovende 
modelverbetering naast kwantitatieve vergelijking van onzekerheden ook de validatie ervan 
met meetgegevens nodig is. Onzekerheid in concentratieschattingen voor organismen worden 
gedomineerd door de onzekerheden in milieuconcentraties. Toevoeging van binding aan roet­
deeltjes, bij voorkeur locatie-specifiek, kan de onzekerheid in opgeloste concentraties van 
stoffen, die aan roetdeeltjes binden substantieel verbeteren.
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Zusammenfassung
Risikobewertung von chemischen Stoffen hat zum Ziel, die Wahrscheinlichkeit des Auftre­
tens schädlicher Effekte auf Menschen, Tiere und Pflanzen einzuschätzen. Der erste Schritt 
hierbei ist die Feststellung der Umweltkonzentrationen der chemischen Stoffe, denen Organ­
ismen ausgesetzt sind. Wenn diese Konzentrationen in der Umwelt nicht gemessen werden 
können, können sie geschätzt werden, zum Beispiel mit Multi Media Fate-Modellen. Wenn 
aus der Umwelt Stoffe in Organismen aufgenommen werden, führt das zu internen Konzen­
trationen in den Organismen. Diese internen Konzentrationen können mit Bioakkumula­
tionsmodellen geschätzt werden.
Diverse Studien haben gezeigt, dass Multi Media Fate-Modelle und Bioakkumula­
tionsmodelle Konzentrationen in der richtigen Größenordnung schätzen können. Diese Mod­
elle sind auch bei der systematischen Untersuchung von Stoffverteilungen in der Umwelt 
hilfreich. Weil menschliche Aktivitäten zum Ausstoß von immer mehr Stoffen führen und die 
Forschung stets zu neuen Erkenntnissen kommt, müssen diese Modelle ständig weiter­
entwickelt werden. Die Einbeziehung von mehr Details soll zu realistischeren Schätzungen 
führen. Komplexität und Bedarf an Eingangsdaten nehmen aber zu und neue Unsicherheit- 
sqellen können entstehen. Die Unsicherheiten können verschiede Gründe haben, 
beispielsweise Annahmen und Vereinfachungen bei der Modellentwicklung, Vernachläs­
sigung von Variabilität oder Mangel an genauen Informationen über Parameterwerte eines 
Modells. Wenn unbekannt ist, welche Ursachen den stärksten Einfluss auf die gesamte Unsi­
cherheit in einem Modell haben, besteht das Risiko, dass Ergänzungen eines Modells nichts 
oder nur wenig zu realistischeren Schätzungen beitragen, da sie durch andere, größere Unsi­
cherheiten im Modell überlagert werden.
Das Ziel dieser Doktorarbeit ist es, Ursachen von Unsicherheiten in Multi Media Fate- und 
Bioakkumulationsmodellen zu quantifizieren. Dabei liegt der Fokus auf organischen Stoffen.
Folgende Ursachen von Unsicherheiten werden in dieser Arbeit untersucht:
• Vernachlässigung der Variabilität der Emissionen in Raum und Zeit;
• Vernachlässigung der räumlichen Variabilität der Umwelteigenschaften;
• Parameterunsicherheit;
• Unterschiede zwischen Modellen;
• Vernachlässigung der Bindung chemischer Stoffe an Ruß;
Im ersten Kapitel werden Multi-Media-Fate und Bioakkumulationsmodelle näher 
beschrieben, auch auf die verschiedenen Typen von Unsicherheiten wird eingegangen.
Im zweiten Kapitel wird der relative Einfluss von Unsicherheiten auf die Schätzung der 
Konzentrationen von Benzo[a]pyren (BaP) untersucht. Es geht dabei um den Einfluss von (i) 
Unsicherheit über Werte von Parametern, die die Stoffe charakterisieren, (ii) Unsicherheit 
durch Vernachlässigung von räumlicher Variabilität, (iii) Unsicherheit durch Unterschiede 
zwischen Modellen und (iv) Unsicherheit durch Vernachlässigung von Bindung an Ruß. Dazu 
werden Konzentrationen von BaP in Luft, Boden und Süßwasser in Europa mit dem Modell 
SimpleBox geschätzt. Die Unsicherheit der Stoffeigenschaften wird mit Monte Carlo Simula­
tionen geschätzt. Dabei werden Wahrscheinlichkeitsverteilungen von Eigenschaften als Ein-
197
Zusammenfas sung
gangsdaten genutzt, was auch wieder zu Wahrscheinlichkeitsverteilungen der Resultate führt. 
Der Einfluss von räumlicher Variabilität wird quantifiziert, indem die Variabilität der Kon­
zentrationen mit drei räumlich aufgelösten Modellen (Impact 2002, EVn BETR, BETR 
Global) geschätzt wird. Die Modellunsicherheit durch Unterschiede zwischen Modellen wird 
quantifiziert, indem Durschnittskonzentrationen der Modelle SimpleBox, Impact 2002, EVn 
BETR and BETR Global verglichen werden. Es stellt sich heraus, dass die räumliche Vari­
abilität der Emissionen den größten Einfluss auf geschätzte Luftkonzentrationen hat. Bei 
Wasserkonzentrationen sind Unterschiede zwischen den Modellen und Mangel an räumlicher 
Variabilität der Eigenschaften von Gewässern, die dominierenden Quellen von Unsicherheit. 
Wichtige Gewässereigenschaften sind zum Beispiel Gewässertiefe oder Verweilzeit des 
Wassers in einem See. Für Bodenkonzentrationen sind alle Unsicherheiten ähnlich groß.
Im dritten Kapitel wird für sieben persistente organische Stoffe untersucht, welche Fak­
toren am wichtigsten für die räumliche Variabilität ihrer geschätzten Konzentrationen sind. 
Dazu werden zwei verschiedene Ansätze verwendet. Zunächst wird der Einfluss von räum­
licher Variabilität (i) von Emissionen und (ii) von Umwelteigenschaften systematisch unter­
sucht. Hierzu wird ein Multi Media Fate-Modell mit mehreren Zonen, von lokal bis kontinen­
tal, benutzt. Die lokale Zone wird iterativ parametrisiert, um verschiedene Regionen in Eu­
ropa zu repräsentieren. Dann werden mit einer Literaturrecherche die Faktoren zusam­
mengestellt, die die räumliche Variabilität der Konzentrationen bestimmen. Eine Synthese 
beider Ansätze zeigt, dass die räumliche Variabilität von Emissionen der Faktor ist, der die 
räumliche Variabilität der Konzentrationen bestimmt. Die Variabilität der Umwelteigen­
schaften kann auch Einfluss auf die Variabilität der Konzentrationen in Boden oder Wasser 
haben, sofern die Emissionen räumlich gleichmäßig verteilt sind .
Im vierten Kapitel werden mehrere Modellszenarien für Konzentrationen von PCB-153 
verglichen. Dazu wird das gleiche Multi Media Fate-Modell mit mehreren Zonen benutzt wie 
im dritten Kapitel, diesmal gekoppelt mit einem Bioakkumulationmodell. Im detailliertesten 
Szenario werden Konzentrationen in Luft, Boden, Süßwassersediment und Süßwasserorgan­
ismen mit räumlich variablen Umwelteigenschaften und räumlich variablen Emissionen in 
Luft und Wasser für die Periode von 1930 bis 2005 geschätzt. Im am wenigsten detaillierten 
Szenario wird mit einer homogenen Umwelt und gleichmäßig verteilten Emissionen in die 
Luft gerechnet. In vier anderen Szenarien wird jeweils ein Detail (räumlich Variabilität der 
Umwelteigenschaften, räumliche Variabilität der Emissionen, temporale Variabilität der 
Emissionen, Emissionen ins Wasser) ausgelassen. Die Ergebnisse jedes Szenarios werden mit 
gemessenen Umweltkonzentrationen von PCB-153 verglichen. Die Abweichung zwischen 
geschätzten und gemessenen Konzentrationen ist für Luft, Sediment und Organismen im de­
tailliertesten Szenario am kleinsten. Konzentrationen werden oft unterschätzt, ausgenommen 
die in der Luft. Im am wenigsten detaillierten Szenario nimmt die Unsicherheit für fast alle 
Kompartimente zu. Beim Umweltmedium Boden dagegen nimmt die Abweichung zwischen 
gemessenen und geschätzten Konzentrationen in diesem Szenario ab. Wie aus dem dritten 
Kapitel kann auch aus dem vierten Kapitel geschlussfolgert werden, dass die Variabilität der 
Emissionen für die Variabilität der Stoffkonzentrationen wichtiger ist als die Variabilität der 
Umwelteigenschaften. Für eine Verbesserung der geschätzten Konzentrationen in Sediment 
und Organismen sind außerdem auch direkte Einleitungen ins Wasser wichtig.
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Im fünften Kapitel wird untersucht, ob Messungen der Akkumulation von Polyzyklischen 
Aromatischen Kohlenwasserstoffen (PAK) besser erklärbar sind, wenn deren Bindung an Ruß 
in Boden oder Sediment bei den Schätzungen ergänzt wird. Die neue Unsicherheit, die ent­
steht, wenn die Bindung an Ruß in das Model integriert wird, wird mit Monte Carlo Simula­
tionen quantifiziert. Dabei werden Unsicherheit durch Mangel an genauen Informationen über 
Parameterwerte und räumliche Variabilität im Rußanteil und Stoffkonzentrationen in Boden 
oder Sediment einbezogen. Unter Berücksichtigung der Bindung an Ruß ist die geschätzte 
Akkumulation von PAK in Organismen, ausgedrückt als Biota-Solids-Accumulation-Factor, 
ein bis zwei Größenordnungen kleiner als ohne Berücksichtigung der Bindung an Ruß und 
stimmt mit Feldmessungen in Salzwasser-, Süßwasser- und Landökosystemen besser überein. 
Wenn der ortsgebundene Rußanteil nicht bekannt, ist die Unsicherheit zwei bis drei 
Größenordnungen (90 Perzentil Zuverlässigkeitsinterval). Wenn der ortsgebundene Rußanteil 
bekannt ist, verringert sich die Abweichung zwischen Schätzungen und Messungen auf einen 
Faktor 3. Bioakkumulationsschätzungen für PAK können also wesentlich verbessert werden, 
indem der Rußanteil gemessen und die Bindung an Ruß modelliert werden.
Im sechsten Kapitel wird die Parameterunsicherheit von geschätzten Bioakkumulationsfak­
toren für Fische mit Monte Carlo Simulationen quantifiziert. Hierzu wird das Modell 
OMEGA auf der Basis von Literaturrecherche, allometrischer Verbände und m a x im u m  lik e l i­
h o o d  e s tim a tio n  parametrisiert. Allometrische Verbände beschreiben den Zusammenhang 
zwischen dem Gewicht eines Organismus und der Geschwindigkeit physiologischer Prozesse 
wie Nahrungs- und Wasseraufnahme. Fettanteile in Organismen, assimilierte Anteile der auf­
genommenen Nahrung, Widerstände in Fett- und Wasserlagen und allometrische Parameter 
werden dabei als unsicher angesehen. Die Unsicherheit der Widerständen in Wasser- und 
Fettlagen sind für die Schätzung der Aufnahme von Stoffen aus dem Wasser besonders 
wichtig. Die Unsicherheit des Anteils assimilierter Nahrung und der Widerstände sind für die 
Aufnahme aus der Nahrung besonders wichtig. Die Unsicherheit in modellierten Bioakkumu­
lationsfaktoren für Fische liegt ungefähr bei einem Faktor 10 (Quotient zwischen 95 und 5 
Perzentil). Diese Unsicherheit resultiert vor allem aus der Unsicherheit des Fettanteils. Nur 
für Stoffe, die eine deutliche Vorliebe für Fett im Gegensatz zu Wasser haben, nimmt auch 
der Einfluss der Unsicherheiten des assimilierten Anteils der Nahrung und der Widerstände 
zu.
Im siebten Kapitel werden Modellverbesserungen für die Schätzung von Umweltkonzen­
trationen organischer Stoffen vorgeschlagen. Räumlich aufgelöste Schätzungen der Emission 
in alle Kompartimente sind die wichtigste Bedingung für zuverlässige Konzentrationss­
chätzungen mit Multi Media Fate-Modellen. Ein Mangel an räumlichen Informationen über 
Emissionen ist in allen untersuchten Kompartimenten eine wichtige Quelle von Unsicherheit 
und ist in Luft, Süßwassersediment und Süßwasserorganismen dominant. Für bessere 
Schätzungen von Süßwasserkonzentrationen ist vor allem die Wahl des Modells entschei­
dend. Unterschiede zwischen Modellen dominieren die Unsicherheit in Süßwasser, aber real­
istische Dimensionen und Verweildauern von Gewässern spielen eine große Rolle. Für Boden 
ergibt sich, dass bei dem heutigen Wissensstand einfache Modelle genauso gut für generelle 
Konzentrationsschätzungen sind wie detailliertere Ansätze. Unsicherheit der Konzentrationen 
in Organismen wird von Unsicherheit in Umweltkonzentrationen dominiert. Schätzungen von
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aufgelösten Konzentrationen in Wasser kann für Stoffe, die an Ruß binden, deutlich ver­
bessert werden, wenn die Bindung an Ruß, am besten ortsgebunden, berücksichtigt wird.
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Aio ben je ook lang niet altijd alleen: met een hele generatie milieukunde aio’s kon ik con­
gressen of cursussen delen: Pim, Kim V., Karin B., Loes, Mark L., Aafke en Rosalie. Over
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cursussen gesproken: Laura en Dirk, leuk dat jullie meededen. Marinke, je  was er de meeste 
tijd niet, maar ik wens je veel geluk, nu in Nijmegen!
Het zit erin dat je  promoveert
Aafke, Karin, Rosalie: Dat Pasen in sommige jaren wel erg veel dagen heeft, dat je  wel 
eens zou willen dat je baan dichter bij je  werk was en dat kiwi’s niet lekker zijn, omdat ze niet 
altijd lekker zijn. Dat allemaal heb ik van mijn kamergenoten geleerd, net als diverse Excel- 
trucjes. Software- en reviewfrustraties, maar ook boeiende resultaten, strategische dilemma’s 
en statistiekkeuzen mocht ik met jullie delen. Een werkdag zonder met jullie naar de koffie te 
zijn gewandeld was toch anders. Karin, niet alleen bedankt voor je  gezelligheid als kamerge­
noot, maar ook voor het wegwijsmaken bij de eerste stappen in OMEGA. Aafke, wat zal ik 
hem missen, je spontane, aanstekelijke lach. Terugkijkend liepen onze promotietrajecten wel 
heel erg parallel, tot aan de deadline van Ton’s vakantie toe! Ik wil je dan ook hartelijk be­
danken voor al de gedeelde gedachten. Rosalie, hoe had ik zonder jou de laatste twee jaar van 
mijn promotie ervaren? Ik had het geluk wel een mede-aio te hebben, die niet alleen meer 
werd dan een collega, maar die ook nog een onderwerp had dat verwant genoeg aan het mijne 
was, zodat ik alles kon vragen. Je was het klankbord voor de kleine vragen en de grote twij­
fels, en je was zo gek om helemaal vrijwillig de Matlab cursus met mij te volgen. Bedankt 
voor het zo vaak opbeuren en dat je al mijn buien hebt verdragen!
Of course there are so many more colleagues, some were my teachers, some seem to be 
part of the university, others’ stays were only short, others’ times at the RU might seem pre­
historic. To many I owe thanks for a gentle talk, an advice, use of their computers and, sim­
ple, but so important: some laughs: Gina, Arthur, Kim L, Reinier, Sander, Gertjan, Emiel, 
Rob, Marieke, Anastasia, Ligia, An, Marlia, Nellemieke, Marjolein, Wouter, Tjisse, and 
Ronnie. In particular I thank Martijn, Arie and Rob Lenders for keeping my simulations run­
ning while I was away.
So schön es auch war, es ging doch viel Freizeit verloren
Wienand, Teddy, Miriam, Horst thanks for language-correcting my non-English summa­
ries, for layout assistance, figure- and cover design. Support by friends and familiy, PhD the­
sis or not, can not all be named here, but is nevertheless appreciated. Wienand, of het nou een 
heel gewone aio-crisis was of alleen maar mijn gezondheid en een onduidelijk contract, je 
hebt volgehouden, bedankt dat je  er nog steeds bent! Consumptie Verplicht, aan jullie is het te 
danken dat het onderzoek ook weer niet een te prominente plek in mijn leven innam, daarom 
veel dank.
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many, at the National Institute of Public Health and the Environment, Bilthoven, The Nether­
lands, at Royal Haskoning, Nijmegen, The Netherlands and at the nature conservation organi­
zation “Naturschutzbund” in Kranenburg and Wesel, Germany. The latter one resulted in a 
master thesis on the evaluation of nature restoration options.
After her graduation she contributed to the development of the Master Program ‘Transna­
tional Ecosystem based Water Management’ as a co-worker at the Radboud University Ni­
jmegen. She continued working at the Radboud University Nijmegen on improved bioac­
cumulation modelling of polycyclic aromatic hydrocarbons. In February 2006, she became a 
PhD student at the Radboud University Nijmegen within the European Project NoMiracle 
(Novel Methods for Integrated Risk Assessment of Cumulative Stressors in Europe). During 
this time she worked on modelling fate and bioaccumulation of organic pollutants, focusing 
on regional differences and uncertainty assessments. She also followed courses within the re­
search school SENSE (Socio-economic and natural sciences of the environment) PhD educa­
tion program and contributed to teaching courses herself, mainly on environmental modelling. 
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